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ABSTRACT
Radio Observations as a Tool to Investigate Shocks and
Asymmetries in Accreting White Dwarf Binaries
Jennifer Weston
This dissertation uses radio observations with the Karl G. Jansky Very Large Array
(VLA) to investigate the mechanisms that power and shape accreting white dwarfs (WD)
and their ejecta. We test the predictions of both simple spherical and steady-state radio
emission models by examining nova V1723 Aql, nova V5589 Sgr, symbiotic CH Cyg, and
two small surveys of symbiotic binaries.
First, we highlight classical nova V1723 Aql with three years of radio observations
alongside optical and X-ray observations. We use these observations to show that multiple
outflows from the system collided to create early non-thermal shocks with a brightness
temperature of &106 K. While the late-time radio light curve is roughly consistent an
expanding thermal shell of mass 2×10−4 M, resolved images of V1723 Aql show elongated
material that apparently rotates its major axis over the course of 15 months, much like
what is seen in γ-ray producing nova V959 Mon, suggesting similar structures in the two
systems. Next, we examine nova V5589 Sgr, where we find that the early radio emission is
dominated by a shock-powered non-thermal flare that produces strong (kTx > 33 keV) X-
rays. We additionally find roughly 10−5 M of thermal bremsstrahlung emitting material,
all at a distance of ∼ 4 kpc. The similarities in the evolution of both V1723 Aql and V5589
Sgr to that of nova V959 Mon suggest that these systems may all have dense equatorial
tori shaping faster flows at their poles.
Turning our focus to symbiotic binaries, we first use our radio observations of CH
Cyg to link the ejection of a collimated jet to a change of state in the accretion disk.
We additionally estimate the amount of mass ejected during this period (10−7 M), and
improve measurements of the period of jet precession (P = 12013 ± 74 day). We then
use our survey of eleven accretion-driven symbiotic systems to determine that the radio
brightness of a symbiotic system could potentially be used as an indicator of whether a
symbiotic is powered predominantly by shell burning on the surface of the WD or by
accretion. We additionally make the first ever radio detections of seven of the targets in
our survey. Our survey of seventeen radio bright symbiotics, comparing observations
before and after the upgrades to the VLA, shows the technological feasibility to resolve
the nebulae of nearby symbiotic binaries, opening the door for new lines of research.
We spatially resolve extended structure in several symbiotic systems in radio for the first
time. Additionally, our observations reveal extreme radio variability in symbiotic BF Cyg
before and after the production of a jet from the system. Our results from our surveys
of symbiotics provide some support for the model of radio emission where the red giant
wind is photoionized by the WD, and suggests that there may be a greater population
of radio faint, accretion driven symbiotic systems. This work emphasizes the powerful
nature of radio observations as a tool for understanding eruptive WD binaries and their
outflows.
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1.1 Accreting, Eruptive White Dwarf Binaries
Once, when a new star appeared in the sky, it was interpreted as a heavenly portent.
Stars changing in the heavens was a rare and dramatic event that could only mean there
were great things to come, if only we could interpret them correctly. Now the appearance
of a new star in the sky still brings us a wealth of information — variable stars can be used
as standard candles to measure distance, to study accretion and shock physics, and to learn
about the complex interactions involved in binary star evolution. In this dissertation I
focus on two subgroups of eruptive white dwarf (WD) binaries — novae producing
systems and symbiotic systems. Both novae and symbiotics contain a WD undergoing
accretion from a companion star, and both undergo periods of outburst and ejection of
material. Any carefully studied accreting WD system will have its own unique traits and
variances — be they fluctuations, pulsations, or drops in brightness. My research has
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used radio observations of novae and symbiotics binaries to examine the physics driving
the outflows and binary interactions of these accreting WD systems.
1.2 Nova Systems and Eruptions
1.2.1 Nova Overview
Novae are the most common explosions in the Universe; and their host systems are
valuable sources for studying accretion physics, shocks, jets, and thermonuclear explo-
sions. The classic picture of a nova producing system is of a WD accreting material from
its binary companion, which is overflowing its Roche Lobe. At some critical envelope
mass, a thermonuclear runaway (TNR) process ignites and expels a fraction of the matter.
This ejecta may be in a roughly spherical shell, or the outflow may include collimated jets,
clumping, or other asymmetries. This event results in a sudden optical brightening, which
can result in the system becoming visible to the naked eye. The term “nova” can refer
either to the system producing this outburst or to the outburst event itself. In either sense
of the word, each nova has its own individual characteristics — the specific dynamics of
the binary system, the unique morphology and velocity profile of the outflow(s), and the
fluctuations in its light curves and spectra when observed.
Nova events are traditionally categorized by the speed of the decline of their optical
light curve: the time it takes for the optical brightness to decline by 2 or 3 magnitudes
(t2 or t3). The categories defined by Payne-Gaposchkin (1957) are “very fast” (t2 < 10,
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t3 < 20); “fast” (t2 ≈ 11 − 25, t3 ≈ 21 − 49); “moderately fast” (t2 ≈ 26 − 80, t3 ≈ 50 − 140);
“slow”(t2 ≈ 81−150, t3 ≈ 141−264); and “very slow” (t2 ≈ 151−250, t3 ≈ 265−440). They
also may be divided into the recurrent and non-recurrent categories, where a recurrent
nova is one that has been observed in outburst more than once in recorded history. As
this definition depends on careful observation and good historical records, whether or
not a nova will recur on an observable timescale can be a subject of intense debate. A
more practical definition of a nova class is that of a “classical nova”: systems where the
WD has a main sequence companion. It is uncertain how often classical novae erupt —
their recurrence period may be anywhere between hundreds to tens of thousands of years.
Recurrent novae, on the other hand, are known to have reoccurrence periods even as short
as one year, and are generally systems with more evolved secondary stars or heightened
accretion (Pagnotta & Schaefer 2014). (For a more in depth analysis of the properties of
recurrent novae and the difference between those and classical novae, see Schaefer 2010).
Novae may also be categorized by the composition of the WD (eg., O/Ne or C/O white
dwarfs). Astronomers estimate that there are ∼35 nova eruptions in the Milky Way galaxy
each year (Shafter 1997), with observers discovering perhaps 10 each year.
Novae can act as laboratories for nuclear burning and accretion. Only a small per-
centage of the accreted mass fuels the outburst, and not all of it is ejected from the surface
of the WD during an eruption. Since novae are among the (many) Type Ia supernova
progenitor candidates (e.g., Starrfield et al. 2004; della Valle & Livio 1996; Kato & Hachisu
2012), understanding their mass loss history — specifically, whether the accreting WDs
are net gaining or losing mass from outbursts — is critical. There has been extensive the-
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oretical work on the precise conditions triggering the TNR and the critical ignition mass
on the surface of the WD (see, e.g., Townsley & Bildsten 2004; José & Hernanz 2007; Shara
2014) — however, the question is far from settled, particularly as this process is heavily
dependent on both the properties of the WD and the accretion rate onto it. A WD with
larger mass has higher surface gravity and higher accretion rates than a lower mass WD.
The high accretion rate also affects the temperature and degeneracy levels of the envelope.
The resulting higher pressure and increase in accretion thereby cause mass to build up
more quickly between nova outbursts, allowing them to occur more frequently.
There are significant discrepancies between the amount of mass inferred from ob-
servations and the theoretical predictions for this quantity (Gehrz 2002; Bode & Evans
2008). Similarly, the mechanism for the expulsion of mass from the WD remains unclear.
Another issue is that that while models typically portray novae as spherical and homoge-
nous, these models do not reflect the complexities often seen in a nova’s ejecta, such as
jets, clumping, bipolarities, and rings (e.g., O’Brien et al. 2001). The origin and shaping of
these asymmetries have multiple possible explanations: including interactions with cir-
cumbinary material, hydrodynamic shaping by the binary companion, or multiple flows
of ejecta causing internal collisions and shocks.
1.2.2 General Properties of Radio Emission in Novae
Historically, emission in radio has found to be dominated by thermal bremsstrahlung
emission, which can be used to trace the bulk of the ionized mass ejected. We follow the
presentation of Bode & Evans (2008) to describe this emission’s general properties. The
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optical depth of emission at radio frequencies is














n2e d` is the emission measure, ne is the electron density, ν is the observed
frequency, Te is the electron temperature, and τν is the optical depth at frequency ν (Lang
1980; Bode & Evans 2008). A uniform cube of ionized gas with with emitting region size






(1 − e−τν), (1.2)
where Bν = 2kTeν2/c2 = 2kTe/λ2 is the Planck function and D is the distance to the source
(Bode & Evans 2008). Instead of a cube with an area (projected on the sky) A = `2, consider
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If we want to convert this back into size and distance, and we use A in cm2, D in kpc (with
3.086 × 1021 cm per kpc), we get that
Acm2
D2kpc



















(1 − e−τν). (1.9)
The development of the flux density and the spectral index depends on whether the
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shell is optically thick or thin. The time dependence is therefore:
Optically thick phase : (τν >> 1) Sν ∝ ν2t2
Optically thin phase : (τν << 1) Sν ∝ ν−0.1t−3
(1.10)
(Bode & Evans 2008). Optically thick thermal bremsstrahlung emission is expected to
have a radio spectral index α = 2.0 where flux density Sν ∝ να, while optically thin
bremsstrahlung has characteristic spectral index of α = −0.1.
While the shell itself will keep expanding, a given radio photosphere will eventually
start to decrease as the shell begins to turn optically thin at that frequency. If we assume
that we have a uniformly expanding sphere of thermal plasma with mass Mej, the ra-
dio photosphere at a given frequency ν will reach its maximum angular size (θmax) and














































where Te is the electron temperature, D is the distance, ν is the observing frequency, and
vej is the ejecta velocity (Bode & Evans 2008).
Additionally, we can use the brightness temperature of a nova as a constraint on
the temperature of the photosphere for nova shells. For thermally emitting material, the
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brightness temperature acts as a lower limit to the physical temperature. If we consider
a source at frequency ν with flux density Sν, distance D, expansion velocity vobs, at time t





where kb is Boltzmann’s constant and c is the speed of light (e.g., Bode & Evans 2008).
Nova shells are expected to have temperatures on the order of 104 K. We can predict
the behavior of the brightness temperature during the optically thick and optically thin
phases of a nova’s evolution from its dependance on Sν and ν from Equation 1.10:
Optically thick phase : (τν >> 1) Tb ∝ 1 (constant)
Optically thin phase : (τν << 1) Tb ∝ ν−2.2t−5.
(1.13)
During the optically thick phase, the brightness temperature will be the physical temper-
ature of the material, and as material becomes optically thin the brightness temperature
acts as a lower limit.
1.2.3 The Hubble Flow Model
One of the traditional models of radio emission from nova outbursts is called the
“Hubble flow model,” in which the envelope is ejected as a smooth spherical shell with
a velocity gradient (e.g., Seaquist & Palimaka 1977; Hjellming et al. 1979; Seaquist 1988;
Hjellming 1996). This model uses a number of assumptions. The first assumption is that
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Figure 1.1 A Hubble Flow-like nova transitioning from optically thick to optically thin at
radio wavelengths. Initially, only optically thick emission is seen, from the surface of the
shell (top panel). As the density of the shell decreases, the radio photosphere (at some
frequency ν) moves inwards through the shell, and the observer will see a mix of optically
thick and optically thin thermal emission (middle panel). Once the radio photosphere




the ejecta are isothermal, at a constant temperature throughout. Secondly, it is assumed
that the shell has a smooth and spherical distribution. Third, we model the ejecta as
ejected instantaneously, with some distribution of velocities between a definite minimum
velocity (vmin) and maximum velocity (vmax). This distribution of velocities dictates the
density profile of the resulting shell. Ejecta with an even distribution of velocities, where
v ∝ r (where r is the distance from the WD), that is ejected instantaneously from the
system will have a resulting density of n ∝ r−2, which is what is used in the Hubble Flow
Model. Seaquist & Palimaka (1977) also presented a more generalized version of this
model, where there is no specified density distribution the density is proportional to a
general power law n(r) ∝ r−β. However, observationally speaking, the best fit tends to
have β=2-3 (Seaquist & Palimaka 1977; Seaquist et al. 1980; Bode & Evans 2008). Using the
above assumptions results in a model that depends only on D, the distance to the system;
Tej, the temperature of the ejecta; vmax, the maximum velocity; Mej, the total ejecta mass;
and the velocity ratio ζ = vmin/vmax.
Initially, the ejecta are optically thick (τν > 1) to all radio frequencies as the shell
expands (see Figure 1.2.3, top panel). Therefore, the radio photosphere at any given
frequency lies at the outer edge of the shell, resulting in a spectrum with the spectral
index characteristic of optically thick thermal emission α = 2.0 (where Sν ∝ να). Similarly,
during this period the flux density of the source is proportional to the projected area of
the shell, and therefore will brighten as Sν ∝ t2. While irrelevant in the ideal Hubble
model case, it is important to note that if there are any complex interactions within the
ejecta during this time, they will be screened from view by the outermost, optically thick
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ejecta. For example, if there were high energy internal shocks, the fact that the ejecta are
optically thick means that we would not see any unexpected radio emission or changes
in the spectra from the shocks. All radio emission will emanate from the outermost parts
of the shell, which would still be optically thick and acting as a screen for the emission
deeper inside the shell. It is not until the ejecta have transitioned to being at least partially
optically thin that any internal emission, from deep inside the shell itself, will be revealed.
Therefore, any excess or unusual emission that is detected in addition to the 104 K thermal
emission seen during the optically thick stage must be visible despite this screen. This
event could only come about if the excess emission were on the outside of the expanding
nova shell and the optically thick τ = 1 photosphere, or, alternatively, if the emission were
visible due to a non-spherical geometry that reveals deeper parts of the shell — e.g., in
the case of a wide conical outflow viewed at an angle to the outflow.
During this optically thick phase, the distance D of the nova can be estimated. As we
stated in Section 1.2.2, during the optically thick phase the brightness temperature should
be roughly the same as the physical temperature of the ejecta. We expect thermal emission
to be approximately 104 K, so the equation for brightness temperature (Equation 1.12)
during this time, along with measurements of flux density at a given frequency and the
known velocity of the ejecta, will provide an approximate distance. Similarly, if resolved
images are available during the optically thick stage, we can use the size of the resolved
shell to find a distance estimate since the outer radius is simply rout = vej×t (Equation 1.18)
as well as rout = D tanθ. We can even double-check the temperature estimation of 104 K if
resolved images are available, using Equation 1.4, since when τ >> 1 then (1 − e−τ) ∼ 1.
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Even in the absence of resolved images, having a constraint on the angular size will help
to place these constraints.
The second stage of the shell’s evolution, however, is the most critical: it can give
us information on the shell’s density distribution. As the shell expands, its density will
decrease until eventually τν ≈ 1 and the ejecta will transition from optically thick to
optically thin emission. The critical density at which τν = 1 depends on the observational
frequency, so this transition will occur at the highest radio frequencies first. This transition
from optically thick to optically thin will result in a distinct “break” in the spectra, which
we call νlt (where the subscript reflects the break in the spectra between the lower optically
thick frequencies and the higher transitional frequencies). At the frequencies below νlt,
the shell will remain optically thick with characteristic spectral index α = 2.0. Above νlt,
the spectral index αtrans depends on the density distribution of the shell itself. If there is
no density gradient in the shell, the entire shell will become optically thin at frequencies
above νlt, and will have the spectrum of optically thin thermal emission (α = −0.1) at all
frequencies greater than νlt.
However, if there is some distribution of densities, there will be a second stage of
evolution. During this stage, the observer will see a mix of optically thick and thin emission
as the radio photosphere moves through the shell (see Figure 1.2.3, middle panel). The
radius of the τν = 1 radio photosphere will move inward through the shell until the ejecta
become optically thin at that frequency throughout. The spectral index of the portion of
the spectrum from this mixed emission, (αtrans), is dependent on the exact density profile
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(Wright & Barlow 1975). An even distribution of velocities, which results in a density
profile of n(r) ∝ 1/r2, would therefore give Sν ∝ t−4/3 and a spectral index of α = 2/3.
Equations 1.14 and 1.15 neglect the gaunt factor
g f f = 9.77
(





(Wright & Barlow 1975), which, when taken into account, will decrease the transitional
spectral index to α=0.6 at the typical thermal temperature of 104 K. This n(r) ∝ 1/r2 density
gradient is what is used for the Hubble Flow model.
Once a radio photosphere reaches the inner edge of the shell, the ejecta will be
completely optically thin at that frequency (see Figure 1.2.3, bottom panel). This transition
again occurs at the highest frequencies first, resulting in a second break in the spectrum νth
(where the subscript reflects the line between the transitional frequencies and the higher,
purely optically thin, frequencies of the spectra). Here, the highest frequencies (> νth) are
optically thin (with αth=-0.1) and the lower frequencies (νlt < ν < νth) are still transitioning
and have αtrans dependent on the density distribution. At the break frequency νth, the
radio photosphere has just reached the inner edge of the shell and has τ = 1. This second
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break allows us to estimate the inner diameter θ of the shell. In this case, we use the















(Rybicki & Lightman 1979).
Using the Hubble Flow model, the ejecta mass and energy from the nova shell can
both be estimated (Bode & Evans 2008). From optical spectroscopy, we can often obtain
a measurement of the maximum ejecta velocity soon after eruption vej. For thermal
emission, the temperature will be constant at Tej = 104 K. At a given time t during the
transition period, radio observations will reveal spectral breaks at νlt, which will have an
observed flux density of Slt ± ∆Slt, and at νth, with flux density of Sth ± ∆Sth. At this same
time, the shell will have a distinct inner edge with radius rin, and outer edge with radius
rout. The outer radius of the shell is simply
rout = vej × t. (1.18)
At the upper break frequency νth with flux Sth ± ∆Sth, the photosphere is close to the
inner edge of the ejecta, the smallest τ = 1 surface. Using equation (1.1), we solve for the
emission measure EM, rearranging such that
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Given a distance D for the source (determined during the optically thick phase), finding
the inner radius is a simple matter of converting angular size to physical size






Knowing the size of the inner radius also allows us to determine an approximate velocity
distribution, since given an inner radius and a time we can determine how fast the
innermost material is moving, vmin =
rin
t . Thus, we have an estimation for the term
ζ = vminvej , the ratio between the minimum and maximum velocities.
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measured using the spectral index α, we now have enough information to measure the
mass directly.
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1.2.4 Variations on the Hubble Flow
We can also add additional parameters to the basic thermal model, such as a delayed
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ejection, clumping, temperature gradients, or non-spherical geometries (e.g., Hjellming
1996; Heywood et al. 2005; Roy et al. 2012). We have been assuming a shell with constant
temperature of T ∼ 104 K — however, we can make this more general by letting the
temperature vary. An example of this would be to introduce a temperature gradient, as
in Cassinelli & Hartmann (1977) and Barlow (1979). They show that for a general density
gradient n ∝ r−β and temperature gradient T ∝ r−m, the resulting spectral index during the
transition phase would be α = (4β−m−6)(2β−1.5m−1) , not including the temperature dependent gaunt
factor (Cassinelli & Hartmann 1977; Barlow 1979). In the β = 2 case, any temperature
gradient would drop out of the equation and therefore not effect the spectral index during
the transition. However, for other density profiles, inducing a temperature gradient in
this manner would change the steepness of the spectrum; for example: from α = 1.2 in
the isothermal β = 3, m = 0 to α = 1.4 if we allowed the temperature to vary as 1/r (m = 1).
Clumping in nova shells has been observed in optical and radio observations of
novae, notably in the cases of GK Per (Shara et al. 2012), T Pyx (Shara et al. 1997), and
V458 Vul (Roy et al. 2012). Here, the filling factor f (measuring the clumpiness of the ejecta
— specifically, the probability that a volume dV will contain high density material) that is
typically assumed to be unity can be far more extreme, and have f = 10−5−10−1 (e.g., Saizar
& Ferland 1994; Mason et al. 2005; Ederoclite et al. 2006; Shara et al. 2012). Clumping has
the predicable effect of increasing the flux density by f −2/3 across all frequencies, without
influencing the overall behavior of the radio light curve or the value of the spectral index
(Abbott et al. 1981; Leitherer & Robert 1991; Nelson et al. 2014; Nugis et al. 1998; Heywood
et al. 2005). Therefore, if clumping were present, it would increase the apparent mass of
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the ejecta in a model fit: adding clumps increases the luminosity but does not affect
the time or spectral evolution of the system. If severe clumping were present, it would
therefore lead to an overestimate of the ejected mass and Ṁ (Abbott et al. 1981; Leitherer
& Robert 1991; Nugis et al. 1998). Even small-scale clumping could affect estimates of the
mass in radio measurements (Chomiuk et al. 2012).
Additionally, the Hubble Flow model assumes that all mass is ejected in one roughly
simultaneous ejection. There are at least a few novae with observational evidence for
extended periods of mass loss (e.g., Gallagher & Starrfield 1978). An alternate model, the
variable wind model, suggests that instead there is a more prolonged stellar wind with a
high mass loss rate immediately after ejection that tapers off (Gallagher & Starrfield 1978;
Kwok 1983; Bode & Evans 2008). A constant ejecta velocity throughout this time of vej


















and the flux density would vary as Sν ∝ ν0.6t−4β/3 (Bode & Evans 2008). However, while
there is evidence that some novae eruptions do have a stellar wind phase, the optical
spectra of nova shells frequently show multiple velocity components. Alternatively, one
can combine the variable wind and Hubble models by assuming that after the period of
mass loss there is some cutoff. This unified model has been used in some historical models
of novae (e.g., V1974 Cyg by Hjellming 1996).
18
1.2.5 Historical Radio Observations of Novae
Prior to the most recent series of upgrades on radio telescopes around the world
(particularly the VLA and eMERLIN), the Hubble flow model tended to be a reasonable
model for nova eruption development, at least to first order. As we will show in this
dissertation, this is undoubtably in part because of the relative sparsity of coverage in
both frequency and time in historical radio observations (See Chapters 2 and 3). However,
even in the earliest observations, it was clear that while these models were reasonable,
they were also incomplete.
Radio emission from novae was first discovered in HR Del 1967 and FH Ser 1970 by
Hjellming & Wade (1970). Hjellming & Margrave (1975) later reported on discovery of
V1500 Cyg 1975. However, even in these earliest of observations, radio emission appeared
be somewhat complex, as their spectrums did not show the Sν ∝ ν2.0 expected for optically
thick emission of uniform density (Hjellming 1974). FH Ser rose as Sν ∝ t0.74 and had
a spectral index of α ∼ 1, possibly indicating deceleration in the shell’s expansion or
inhomogeneities within the shell (Hjellming 1974; Seaquist & Palimaka 1977). Similarly,
optical spectroscopy of these systems showed multiple components in their nebular line
shapes (Hutchings 1972; Hutchings & McCall 1977).
It was in the study of these early radio novae that the finite thermal expanding shell
with a linear velocity gradient was suggested (Seaquist & Palimaka 1977; Hjellming et al.
1979). In addition to this, Kwok (1983) alternatively suggested a model with a wind
that had varying mass loss. The wind model required both a rapid decline in the mass-
loss rate within weeks of outburst and a prolonged mass ejection period at a lower rate
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Figure 1.2 Below, Figure 5 (left) from Hjellming et al. (1979) shows the radio light curve of
FH Ser after eruption in 1970 fit to a linear velocity gradient for a spherical shell. Figure 3
(right) from Kwok (1983) shows the same radio light curve of FH Ser fit to the the steady
wind model.
which would last, potentially, years (Kwok 1983). Both of these models predicted the
same density gradient (n ∝ 1/r2),and both models were fairly effective at describing the
observations (see Figures 1.2 and 1.3). However, the steady wind model predicted neither
velocity gradient across the shell nor a finite inner radius, contrary to observations at other
wavelengths; nor did the model fit observations of late, decaying light curves (Hjellming
1990, 1996). Therefore, many took the best model to be a wind model with a velocity
gradient, terminating after some short amount of time, leaving behind a freely expanding
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Figure 1.3 Below, figure 7 (left) from Hjellming et al. (1979) shows the radio light curves
of V1500 Cyg after an outburst in 1975 fit to a linear velocity gradient in a spherical shell.
Figure 4 (right) from Kwok (1983) shows the same light curves fit to the steady wind
model.
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Figure 1.4 Below, figure 5 from Hjellming (1996) shows the radio light curve of V1974
Cyg after a nova eruption in in 1992, fit to a simple linear velocity gradient model with
ellipsoidal inner and outer boundaries.
“Hubble Flow” shell (Hjellming 1990, 1996; Bode & Evans 2008).
It is this modified model that was used for the famed V1974 Cyg (1992). V1974 Cyg
has the most detailed radio observations throughout the development of a nova shell in
radio in the 20th century, and is arguably the touchstone for radio observations of a nova.
Hjellming (1996) found that V1974 Cyg was best fit by a linear velocity gradient model.
However, in order to allow for complex of spectral lines, the inner and outer boundaries
were ellipsoidal rather than spherical (see Figure 1.4). Additionally, to fit the early radio
emission from when the ejecta were still optically thick, as well as the apparent increase in
brightness temperature seen early on by Pavelin et al. (1993), it was necessary to increase
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the temperature linearly in time during these early stages (Hjellming 1996). Aside from
these radio observations, the limited observations in the millimeter and sub-millimeter
range suggest that, early in a nova’s outburst, emission at these higher frequencies was
inconsistent with the more “classical” models of radio emission (Ivison et al. 1993). For
example, infrared and sub-millimeter observations of V1974 Cyg showed that there may
have been a delay in the shell’s formation (Gehrz 1995; Ivison et al. 1993).
V1974 Cyg was not the first instance of a nova showing hints of delayed ejecta — the
decay light curves of V1500 Cyg also showed that there might be a delay in the shell’s
detachment (Hjellming et al. 1979). More recently, using a combination of observations
with Swift and the VLA, we found in Nelson et al. (2012) evidence for complex mass loss
and internal shocks in the ejecta of a recent eruption of the recurrent nova T Pyx. The
spectra of T Pyx appeared mostly consistent with thermal emission — however, the late
rise of the radio flux density indicated an apparent delayed ejection, 50-100 days after
outburst. Additionally, using the expanding thermal shell Hubble model to fit this data,
we estimated the presence of ionized material with mass on the order of 2-33 ×10−5 M,
much higher than expected and requiring a very high accretion rate during quiescence
(Nelson et al. 2012; Chomiuk et al. 2014b). This brings us to one of the open problems of
nova evolution: the discrepancy between predicted and observed ejecta mass, particularly
from radio estimates. Observed ejecta masses appear to be an order of magnitude larger
than predicted by standard theory (Hjellming 1996; Starrfield et al. 1998; Gehrz 2002;
Bode & Evans 2008). Even when taking clumping, density, and temperature variations
into account, measurements of nova ejecta mass from radio emission are still higher than
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what is predicted by theory Starrfield et al. (e.g., 1998); Schwarz (e.g., 2002); Gehrz (e.g.,
2002).
1.2.6 Structures, Shocks and γ-rays in Novae
There are some nova shells, however, whose radio emission cannot be explained
even by a modified Hubble flow model. While most radio observations of novae are
dominated by thermal bremsstrahlung radiation, a non-thermal jet has been seen in at
least one nova, RS Oph (Sokoloski et al. 2008; O’Brien et al. 2006), and high-energy non-
thermal shocks in ejecta have been found in several others (Cheung et al. 2010; Abdo et al.
2010; Chomiuk et al. 2012, 2014). While thermal emission is expected to have a spectral
index of α = 2.0 for optically thick remnants and α = −0.1 for optically thin remnants,
radio synchrotron emission will typically have α = 2.5 for optically thick material, and α of
-0.7 for optically thin material (where Sν ∝ να). Unlike thermal bremsstrahlung emission,
synchrotron emission is highly polarized, so polarization can be used as a signature of
this non-thermal emission. Synchrotron emission is intrinsically tied to the strength of the
local magnetic field, which may be amplified in post-shock regions.
There are multiple ways that shocks could form in the ejecta from a nova. Shocks
could be due to collisions between the newly emitted ejecta and material emitted during
earlier periods of ejection, prior to the TNR (e.g., the RG wind from V407 Cyg, Chomiuk
et al. 2012) or other pre-existing circumstellar material. They could also originate from
internal collisions, caused by multiple outflows shaped by the binary companion (e.g.,
Chomiuk et al. 2014). Shocks in nova ejecta can heat some of the expanding gas shell, in-
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creasing peak temperatures considerably. It is critical to map shocks in order to determine
whether local changes in temperature require new types of models and to understand
the way that shocks form within the ejecta. Even in unresolved sources, an excess in
flux density at low frequencies could indicate shocks or jets. Observations may tell us if
there is a fundamental difference between novae that produce jets and those that don’t
— whether there are different accreted mass requirements, whether jets occur in fast or
slow evolving systems, or whether jets are more likely to develop in recurrent or classical
novae.
Possibly the most famous early example of a nova emitting synchrotron emission is
the recurrent symbiotic nova RS Oph (Hjellming et al. 1986; O’Brien et al. 2006; Kantharia
et al. 2007; Rupen et al. 2008; Sokoloski et al. 2008; Eyres et al. 2009). RS Oph has
undergone many outbursts, most recently in 1985 (Bode 1987) and 2006 (Narumi et al.
2006; Evans et al. 2008). RS Oph is an example of a symbiotic nova, where the system
has a WD and a red giant RG companion. It is called an “embedded nova” because the
WD is embedded in the wind of the RG. When a symbiotic nova occurs, they tend to
be characterized by an abundance of circumbinary material, as the RG wind tends to
provide a dense environment. The eruption in the 80’s had jet-like structures (Taylor et al.
1989) — indicating either a bipolar outflow or a disk viewed on its edge — as well as a
high brightness temperature, possibly suggesting the presence of non-thermal emission
(Hjellming et al. 1986).
Because RS Oph has a RG companion providing a dense circumstellar environment,
it has been suggested that collisions between the expanding shell and material already
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present in the system may have caused these anomalies, as similar effects are seen in some
supernovae (Chevalier 1982; Hjellming et al. 1986; Taylor et al. 1987). In the 2006 eruption,
radio observations showed synchrotron emitting knots of high-velocity plasma (Rupen
et al. 2008; O’Brien et al. 2006), the development of bipolar outflows (Rupen et al. 2008),
and possibly even ring-like structures (Bode et al. 2007). RS Oph not only had synchrotron
lobes (Sokoloski et al. 2008), but also a highly collimated bipolar outflow, like those seen
in black holes and protostars (Bridle & Perley 1984; Hjellming & Rupen 1995; Bally 2007;
Brooks et al. 2007).
Another nova of particular interest is QU Vul (1984) (see Figure 1.2.6). Taylor et al.
(1987) found a strong outburst in radio at least 100 days prior prior to appearance of
“normal” radio emission. This early radio emission had an unusually high spectral index
(α = 2.4) and brightness temperature of 105 K, and the spectra could not be explained
by any configuration of expanding isothermal ejecta (Taylor et al. 1987). However,
the observations in radio could be consistent with either synchrotron or shock-heated
bremsstrahlung emitting gas (Taylor et al. 1987). Unlike the case of RS Oph, QU Vul
has no evidence for a RG companion, or for pre-existing circumstellar material, making
internal shocks a likely culprit, and Taylor et al. (1987) speculated the possibility of a late
wind colliding with the inner edge of the shell.
While novae have been known to produce X-ray emission associated with shocks
in the ejected material (Mukai & Ishida 2001; Mukai et al. 2007, 2008), in 2010 V407
Cyg became the first nova to be detected in γ-rays (Cheung et al. 2010; Abdo et al.
2010). Prior to this discovery it had not been thought possible for novae to produce the
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Figure 1.5 Figure 2 from Taylor et al. (1987) shows the radio map of QU Vul (1984) showing
roughly spherical ejecta. It is the first resolved radio image of the ejecta of a nova shortly
after eruption.
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relativistic particles necessary for GeV γ-ray production. V407 Cyg is a symbiotic binary
and an embedded nova, like RS Oph, surrounded by dense circumstellar material. Our
observations in radio began within a month of the discovery of theseγ-rays (Chomiuk et al.
2012). As we showed in Chomiuk et al. (2012), the radio emission from this source was not
dominated simply by expanding thermal ejecta. There was observational evidence that
the ejecta was of order 10−7 − 10−6 M; however, for a thermal model to fit this emission,
the model would have required 10−5 − 10−4 M(Chomiuk et al. 2012). Even in this case,
the model would not have fit well with our later observations, as the nova was unusually
luminous and evolved slowly. Instead, the radio luminosity increased as the wind from
the RG grew ionized by the nova outburst, and faded as the wind was heated from within
by the shock. Additionally, during the earliest observations the radio flux density had a
shallow spectral index of α = 0.7 − 0.8 and rose as t0.5−1.0 instead of the expected t2. If we
considered the early radio burst as the result of ionization of the Mira wind, subsequently
heated by a nova shock, we found that this model fit the radio emission fairly well; and
we found a mass loss rate of Ṁw ≈ 10−6 M yr−1 (Chomiuk et al. 2012). The case of V407
Cyg was the first time that this mechanism was shown to dominate the radio light curve
of an astrophysical transient, with no thermal signature from the ejecta or synchrotron
from the shock. The production of γ-rays was attributed to interactions between the nova
ejecta and the wind from the WD’s Mira giant companion (Abdo et al. 2010; Chomiuk
et al. 2012).
γ-rays have now been detected in seven novae, two of which (V407 Cyg and V745
Sco) have been embedded in the wind of RGs, and five of which have been classical novae
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(V959 Mon, V1324 Sco, V339 Del, V1369 Cen, and V5668 Sgr) (Ackermann et al. 2014).
Unlike embedded novae, classical novae have low-density environments and accrete from
low-mass main sequence companions. In V959 Mon, the first classical nova detected in
γ-rays (Ackermann et al. 2014), we used radio observations to link the production of
γ-rays to shocks in the nova ejecta (Chomiuk et al. 2014). Early optical observations of
V959 Mon were not possible due to its proximity to the sun. However, our observations
at radio wavelengths, presented in Chomiuk et al. (2014), occurred within two weeks
of the initial discovery and showed the presence of synchrotron emission — which can
be used as a tracer of relativistic particles — coincident with the detection of γ-rays.
Further high resolution radio imaging of the nova after three months showed resolved
non-thermal emission and rapidly expanding bipolar thermal components, which faded
over the course of sixteen months to reveal a collimating dense torus of material (Chomiuk
et al. 2014). Our imaging of the ejecta in radio showed rapidly expanding bipolar ther-
mal components, which faded over the course of sixteen months to reveal a collimating
dense torus of material, with shocks forming at the interface between these two flows (see
Figure 1.2.6, taken from Chomiuk et al. (2014)). This behavior is consistent with hydrody-
namic simulations of how the binary companion might shape the common envelope and
influence the behavior of nova ejecta (Livio et al. 1990; Lloyd et al. 1997; Chomiuk et al.
2014). These shock producing structures give insight to how the ejecta evolve during and
after the nova outburst.
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Figure 1.6 Figure 3 from Chomiuk et al. (2014) illustrates the development of the ejecta from
nova V959 Mon: a slower dense equatorial density enhancement (dark yellow) shaping a






1.3 Symbiotic Binary-Star Systems
1.3.1 Symbiotic Stars Overview
Symbiotics were first so named by Merrill (1941): upon discovery, they had unusual
spectra — showing both the spectral properties of a hot star and of a cool one. Symbiotic
stars are binary systems in which a hot compact star, usually a WD, accretes material
from its giant companion, usually a RG. Some symbiotics may instead have a yellow G-K
giant companion, or may have a neutron star as the compact component (Mikołajewska
2007). Accretion in symbiotics occurs predominantly through Bondi-Hoyle capture of the
RG wind, or through some form of “Roche lobe overflow” (Podsiadlowski & Mohamed
2007; Mikołajewska 2007). Symbiotics are, by necessity from the presence of the giant star,
wider binary systems than cataclysmic variables (CVs). Symbiotic binaries typically have
orbital periods of between a few hundred to greater than 900 days (Mikołajewska 2007),
with some that have periods of over 20 years (Kenyon 1986).
Symbiotics may undergo periods of brightening or outbursts for a variety of reasons.
While some symbiotics have been found to produce nova eruptions, (e.g., the γ-ray
producing V407 Cyg Abdo et al. 2010; Cheung et al. 2014), the vast majority of eruptions
are not the result of a TNR. Instead, they are accretion driven or powered by quasi-steady
nuclear burning on the surface of the WD. It is these non-nova outbursts that we refer to
as symbiotic eruptions.
In general, symbiotics can be thought of as cousins to novae — the evolution of the
ejecta from a symbiotic eruption from the surface of the WD has many similarities to the
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ejecta from nova eruptions. The eruptions during these active phases can brighten the star
by several magnitudes and leave resolvable remnants (Hack & Paresce 1993; Eyres et al.
1995; Kenny et al. 1996; Richards et al. 1999; Eyres et al. 2001). Symbiotic eruptions can
also produce bipolar jets (Crocker et al. 2002; Sokoloski & Kenyon 2003) and asymmetric
nebulae like those of many planetary nebulae (PNe) (Munari & Patat 1993); additionally
they are considered possible hosts for the formation of second-generation planets (Perets
& Kenyon 2013) and are candidates for progenitors of type Ia supernovae (SNIa) (Dilday
et al. 2012).
Symbiotics stars are a class of objects with a wide variety of properties and parameters.
Some have quasi-steady nuclear burning on the surface of the WD, and others do not.
It is unknown what fraction of symbiotic binaries have shell-burning on the surface of
the WD, as opposed to being purely powered by accretion. The mass transfer rates in
symbiotics are not well constrained, since optical emission tends to be dominated by the
RG or reprocessed emission from a shell burning WD. While accretion disks do form
around some symbiotics, they are not a universal feature, and it is difficult to get direct
evidence for the presence of an accretion disk in symbiotic systems (much less their disk
size or accretion rate). It is therefore unclear if symbiotic outflows are anchored in an
accretion disk in the same way that jets are anchored in the disks in X-ray binaries and
quasars. While jets have been seen in about 5% of symbiotics, in truth most have not been
observed or imaged with the resolution necessary to detect a transient jet (Belczyński et al.
2000). Symbiotics can therefore provide a diverse sample of systems which can lead to
a better understanding accretion powered systems, the formation of collimated jets, and
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the shaping of ejected nebulae.
1.3.2 Radio Observations of Symbiotics
In the 1980’s and early 1990’s, radio observations with the VLA detected roughly
half of the symbiotics that they observed. These observations revealed a population of
radio sources with radio flux densities of ∼1 mJy (Seaquist et al. 1984; Seaquist & Taylor
1990; Seaquist et al. 1993). The radio luminosities of symbiotics are somewhat correlated
to the RG spectral type, as well as to the equivalent line width of Hβ (Seaquist et al. 1984;
Seaquist 1988), which suggests that the radio brightness may be proportional to Ṁwind. For
a spherically symmetric steady outflow at a constant velocity, one would expect that the
spectral index would be α = 0.6, for a wind-like atmosphere with density proportional
to 1/r2. However, when observed in radio, Seaquist & Taylor (1990) found symbiotics
generally have a range of spectral indices between -0.1 and 1.4, with a median of ∼1.0 at
the lower frequencies, steeper than expected for such an outflow (Seaquist 1988; Seaquist
& Taylor 1990; Seaquist et al. 1993). The higher frequencies showed a spectral index with
a median of α ≈ 0.5 (Seaquist 1988; Seaquist & Taylor 1990; Seaquist et al. 1993). These
unexpected spectra could imply a mix of different types of emission. As discussed in
Section 1.2.6, one would expect spectral indices of α ≈ 2.0 (where Sν ∝ να, and Sν is the
flux density at frequency ν) from optically thick thermal bremsstrahlung emitting gas,
α = −0.1 from an optically thin thermal plasma, α = 2.5 for optically thick synchrotron
emission and α = −0.7 for optically thin synchrotron emission.
Most of the sources from Seaquist et al. (1984); Seaquist & Taylor (1990); Seaquist et al.
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(1993) were not spatially resolved. Only about a dozen symbiotic stars are known to have
large-scale spatially resolved nebulae, which are often bipolar in structure (Corradi 2003;
Brocksopp et al. 2004; Santander-Garcı́a & Corradi 2007). These outflows typically have
expansion velocities of hundreds of km s−1 and kinematical ages of a few thousands of
years (Corradi 2003; Brocksopp et al. 2004). These collimated outflows are also typically
transient, making it difficult to determine what fraction of resolvable symbiotics can form
jets. As in the case of both PNe and nova shells, departures from spherical symmetry in
symbiotic nebulae are typically attributed to the action of the orbiting companion star or
X-ray binary (XRB)-like jets; however, it is uncertain how such outflows are shaped.
1.3.3 Radio Emission from Symbiotics
While symbiotics are generally expected to emit thermal bremsstrahlung emission at
radio frequencies (Kenyon 1986), symbiotics have also been shown to emit synchrotron
emission, often associated with mass ejection (e.g., CH Cyg, R Aqr, Mira A, and RS Oph
Taylor et al. 1986; Crocker et al. 2001; Nichols et al. 2007; Meaburn et al. 2009; O’Brien
et al. 2006; Sokoloski et al. 2008). The exact mechanism for radio emission from symbiotic
stars is still uncertain. Seaquist et al. (1984) proposed that optically thick or optically
thin bremsstrahlung emission is produced when Lyman continuum photons from the
WD photoionize a portion of the RG wind (hereafter the STB model) (Seaquist et al. 1984;
Seaquist & Taylor 1990; Seaquist et al. 1993). The alternate proposition to the STB is that
emission predominantly occurs when wind from the two stars collide and are heated
by shocks (Willson et al. 1984). While there are some individual objects with eruptions
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that appear to be more consistent with the colliding wind model (Bode 2003), the STB
picture explains the overall radio properties of symbiotic stars fairly well (Seaquist et al.
1993). Observations in the millimeter/sub-millimeter range also tend to be consistent with
STB models of emission in quiescent systems, whereas more active systems require more
complex wind models (Mikołajewska 2001).
For a steady spherical outflow with constant velocity, the shape of the ionization front
from the fractional ionization of the wind, f(u, θ), can be described as a dimensionless
constant X, such that








(eqn 1 and 2 in Seaquist et al. (1984)), where (u, θ) are the standard polar coordinates,
(u = r/a), r is the distance from the WD, a is the binary separation, the total luminosity
of the ionizing photons is L, the RG mass loss rate is Ṁ, and the windspeed is v (see
Figure 1.3.3). X has an expected value of 0.1 < X < 10 given the estimated order of
magnitudes for a, L, v and Ṁ for a general symbiotic system (Seaquist et al. 1984). In
general, the higher the value of X, the flatter the spectral index. Moreover, the percentage
of neutral, unionized material decreases for a higher value of X, thereby increasing the flux
density, resulting in a source which is brighter than one with a lower value of X (Seaquist
et al. 1984). The expected flux density and spectrum are dependent on the viewing angle
of the source; however, from radio observations one can estimate the distribution of
circumbinary material and the number of ionizing photons.
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Figure 1.7 In Figure 6 from Seaquist et al. (1984) we see the shape of the ionization front
for various models compared to predicted spectral behavior. Flux density (on an arbitrary
scale) is shown by the solid line, and spectral index α is shown by the dashed line and
the right hand scale. An accretion powered system would be expected to follow the
uppermost panel, whereas a shell burning powered system would be the bottom-most
panel.
36
1.3.4 Formation of Jets and Shaping of Nebulae in Symbiotics
The STB model is a steady-state model, and it does not account for outbursts, jets, or
highly asymmetric nebulae, all of which have been observed in symbiotics. Symbiotics
can act similarly to X-ray binaries, sometimes producing jets in association with state
changes (Galloway & Sokoloski 2004; Körding et al. 2008). Jet production tends to be
more common in symbiotics that display high incidence of rapid optical flickering like
RT Cru, which contains an accreting, non-magnetic white dwarf that is fueled through an
accretion disk (Cieslinski et al. 1994; Luna & Sokoloski 2007). However, this may simply
be a selection effect, as it is possible that accretion powered symbiotics must be closer
to be found and therefore their jets are more likely to be resolved (see Chapter 5). The
symbiotic CH Cyg, which we discuss in further depth in Chapter 4, regularly produces
variable jets (Taylor et al. 1986; Crocker et al. 2001; Karovska et al. 2010). Symbiotic R Aqr
has also shown hard X-rays (here meaning X-rays with energy &2 keV), and is known to
have produced a transient jet with synchrotron emission (Kellogg et al. 2007). Similarly,
the symbiotic MWC 560 has been detected in hard X-rays, has strong UV flickering, and is
jet producing (Tomov et al. 1990, 1992; Dobrzycka et al. 1996; Schmid et al. 2001; Sokoloski
et al. 2001; Zamanov et al. 2004; Gromadzki et al. 2006; Stoyanov 2012; Luna et al. 2013).
Hard X-ray bright states in symbiotics are rare — most symbiotic systems produce
only soft X-rays (X-rays with energy < 2 keV). At energies & 5 keV, hard X-ray emission
is almost certainly from the boundary layer of the system; however, at lower energies,
the exact source of X-ray emission in symbiotics is uncertain (Kennea et al. 2009; Luna &
Sokoloski 2007). It could originate from a boundary layer in the accretion disk: in which
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case, observing a radio jet concurrently could then link a jet to changes in the inner disk.
Alternatively, the emission could come from shock-heated plasma in the jet itself, which
would connect the hard X-rays to the jet directly and suggest that hard X-rays could be
used as a signature for jet production, even in unresolved sources (Stute et al. 2011, 2013).
A recent survey of symbiotics with the Swift/XRT showed that X-ray emission may
be a common feature in symbiotics, including systems which show the spectral features
of colliding wind regions producing low-velocity shocks (Luna et al. 2013; Mürset et al.
1997). It is likely that shocks play a critical role in the development of symbiotic nebulae,
similar to novae, so it is important to establish the relationship between the X-ray emission
and colliding flows in symbiotic stars. Many astrophysical systems produce jets; however,
in many of these, the structure of the disk is not well understood. In white dwarfs the
accretion disks are better understood, so models of white dwarf jet production could
provide a basis for understanding other jet systems.
There have been numerous examples of symbiotic sources with collimated bipolar
outflows (e.g., CH Cyg and RS Oph; Taylor et al. 1986; Crocker et al. 2001; Karovska et al.
2010; Sokoloski & Kenyon 2003), but the mechanism for the shaping of symbiotic nebulae
and the launching of bipolar astrophysical jets from these systems is still unknown. There
are two predominate theories of how these jets may form. In the first picture, a torus of
dense material in the equatorial plane impedes the outflow of material and leads to an
hour-glass shape. The WD gravitationally focuses the wind from the RG so that it pref-
erentially flows into the plane of the binary (Mastrodemos & Morris 1999; Gawryszczak
et al. 2003; Walder et al. 2008) — so the result is not a true jet, but a bipolar preference in
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Figure 1.8 In Figure 1 from Corradi (2003) we see two collimated outflows from symbiotic
systems. In the top panel, we see the collimated bipolar jets from R Aqr in [O II]; in the
bottom panel, we see the more hour-glass figure from He 2-104 in [N II].
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the shaping of the nebulae. Such focusing would produce a density contrast of an order of
magnitude between the plane and the poles (Walder et al. 2008). Any fast outflows from
the WD must then collide with this dense equatorial material. A symbiotic nebula shaped
by a torus of dense material would lead to a nebula with a pinched hourglass shape, as
seen in symbiotic He 2-104 (see Figure 1.3.4, taken from Corradi 2003).
In the alternative scenario, the accretion disk around the WD is what launches these
bipolar jets, like the jets from other disk-accreting systems (Körding et al. 2008; Knigge
2014). Here the jet would be characterized by much more strongly collimated outflows,
or signs of synchrotron emission in the extended structure. The distinctly collimated,
bi-polar jets (as seen in the symbiotic R Aqr, see again Figure 1.3.4; Corradi 2003) or a
jet with extended synchrotron emission from shock accelerated relativistic particles (as in
the case of CH Cyg; Crocker et al. 2002) would be more indicative of a true jet launched
from an accretion disk, as is seen in other jet producing systems.
1.4 Novae, Symbiotics, and Symbiotic Novae
We have discussed now in detail many attributes of both novae and symbiotic systems
— their behavior during and after outburst, how their ejecta are shaped, and how they
behave in the radio regime — and so we can see the commonalities between them. At the
most basic level, of course, they are both types of binary systems containing a WD and its
companion, where the WD can eject material during outbursts. In both we might observe
flickering from an accretion disk, eclipses due to the angle of observations, unstable
accretion, or, of course, eruptions due to accretion instabilities or TNRs. Finally, both
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Figure 1.9 Figure 10 from Chochol et al. (1997) (left panel), obtained with HST using [Ne V]
and [O III], shows the presence of a ring in the ejecta from nova V1974 Cyg. In Figure 1
from Hollis et al. (1999) (right panel), we see a ring in [N II] emission in the surrounding
nebula of symbiotic R Aqr. The formation of rings and other structures in the ejecta from
eruptive WD is not fully understood.
novae and symbiotics systems are potential supernova progenitors (Starrfield et al. 2004;
della Valle & Livio 1996; Kato & Hachisu 2012; Dilday et al. 2012), so their study is of great
importance to the astronomical community.
As our observations improve, we’re are seeing more and more examples of bipolar
and asymmetrical structures in erupting WD. Jets, rings, clumping, and bipolar outflows
have been found in the ejecta of both symbiotic stars and in novae (see Figure 1.4), and in
both cases they are poorly understood. The outflows from both novae and symbiotics are
thought to be at least partly shaped by material in the equatorial plane; and both types of
outflows produce shocks that are presumably related to this shaping. It has become clear
that shocks and asymmetries in the ejecta are common and important features for both
novae and symbiotics.
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The few symbiotic systems like RS Oph and V407 Cyg that have undergone nova
eruptions also prove the importance of considering these two categories together. The clear
presence of non-thermal emission in these systems, from RS Oph’s collimated synchrotron
emitting jets (Sokoloski et al. 2008; O’Brien et al. 2006) to V407 Cyg’s production of high-
energy γ-rays (Abdo et al. 2010; Chomiuk et al. 2012), allows us to probe shock formation
in new and unexpected ways. Some have suggested that, had RS Oph erupted after Fermi
came online, it would have been detected in γ-rays as well (e.g., Hernanz & Tatischeff
2012). Additionally, of the ten known recurrent novae that have two or more outbursts
on record, four of these are symbiotic systems (T CrB, RS Oph, V745 Sco, and V3890 Sgr;
Schaefer 2010). A holistic approach to these systems could therefore potentially lead to
insight on shell shaping and ejection mechanisms of accreting WD binaries.
Radio observations of eruptions from WDs have several advantages over other wave-
lengths. For one, the ejecta from such eruptions — both in novae and symbiotics — can
stay visible in radio long after the optical emission has faded away. Their distance and
sizes render them spatially resolvable, and their radio emission features develop on an
observable time scale of months to years. As we will demonstrate within this work, we
can use radio observations to examine the evolution of the ejecta of these systems in great
depth, and we are able resolve structures that would not be seen at other wavelengths.
1.5 Structure of Dissertation
This work presents a number of examples for uses of radio observations of novae
and symbiotic systems. It is organized as follows. Chapters 2 and 3 present our studies
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on specific novae, V1723 Aql and V5589 Sgr, and focuses on how their radio emission
deviates from the Hubble flow model and what these deviations tell us. In Chapter 2, we
examine the specific case of the classical nova V1723 Aql, presenting over three years of
radio observations. We concentrate on the difference between the early-time observations
of this system, which indicate the presence of multiple colliding flows that produce strong
shocks, and the late-time observations, which align more closely with the classic Hubble
Flow model. We additionally present our resolved images of the evolving shell, comparing
its evolution to that of γ-ray producing V959 Mon and speculating on the implications
of these similarities. In Chapter 3, we study nova V5589 Sgr, using a combination of
observations in the optical, radio, and X-ray regimes. We show that a shock-powered
non-thermal flare dominates the early radio emission from this system, and we use the
similar inclinations of V5589 Sgr and V959 Mon to theorize about the structure of the
ejecta from V5589 Sgr.
Chapters 4, 5, and 6 present our work on radio observations of symbiotic binaries,
first focusing on one specific system (CH Cyg), then broadening our studies to two modest
radio surveys of symbiotics. Chapter 4 describes our observations of CH Cyg following
an optical decline in 2006 and examines the evolution of the radio emission during the
development of a collimated jet. We use both resolved images and the radio light curve and
spectra to connect the ejection of a jet with an event in the accretion disk, to determine the
ejecta mass in the jet, and to estimate the period of jet procession. In Chapter 5, we utilize
our survey of eleven accretion-dominated symbiotic systems to determine whether radio
brightness can be used to prescribe the source of power in symbiotic systems (accretion
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vs. shell-burning). Additionally, we focus on whether our findings are consistent with
the STB model of radio emission from symbiotic stars. In Chapter 6, we describe the
results from our imaging survey of radio-bright symbiotic systems. With observations
both before and after the upgrades to the VLA’s sensitivity, we estimate the feasibility of
an extensive survey of symbiotics in order to study the extended structure in symbiotic
systems and their surrounding nebulae. In Chapter 7 we summarize our findings and
outline several possible paths of future research.
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Chapter 2
Non-Thermal Radio Emission from
Colliding Flows in Classical Nova V1723
Aql
2.1 Introduction
The most common type of stellar explosion, a nova occurs when accretion of material
onto a white dwarf (WD) from its binary companion ignites a thermonuclear runaway,
expelling matter and causing the system to brighten. Because novae occur frequently –
an estimated 35 yr−1 in our galaxy alone (Shafter 1997) – they can be used to probe stellar
explosions, astrophysical outflows, nuclear burning, and accretion. However, to find an
0This chapter is a reproduction of a paper that has been published by Monthly Notices of the Royal
Astronomical Society (MNRAS). It can be found at http://mnras.oxfordjournals.org/content/457/1/
887.full. The article has been reformatted for this section. The original abstract for this paper has been
moved to Chapter 7.
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accurate model of these eruptions, one must account for the presence of shocks, bipolar
outflows, rings, clumping, and other asymmetries that have been shown to be present
in different nova systems (e.g Slavin et al. 1995; Shara et al. 1997; Sokoloski et al. 2008;
Chomiuk et al. 2014).
Radio observations of novae furnish a useful tool for recording the evolution of a
nova’s expanding shell and understanding the properties of the ejecta. In the radio, the
ejecta remain optically thick to thermal emission at significantly lower densities than at
shorter wavelengths. The ejecta can therefore typically be detected for months to years
in the radio. In classical novae, radio emission is generally observed to be dominated
by thermal bremsstrahlung radiation, interpreted as emanating from an expanding shell
(Hjellming et al. 1979; Seaquist & Palimaka 1977; Bode & Evans 2008).
While non-thermal emission has long been evident in nova systems with red-giant
companions, such as RS Oph (Taylor et al. 1989), in classical novae with main sequence
companions, the dominant features in historical radio light curves and spectra are gener-
ally consistent with an expanding thermal shell producing free-free emission (Hjellming
et al. 1979; Seaquist et al. 1980; Hjellming 1996; Bode & Evans 2008). Given some reasonable
assumptions about the temperature and morphology of a thermal shell, comprehensive
radio spectral coverage as the ejecta transition from being optically thick to optically thin
enables observers to infer the density profile of the nova shell and estimate the total mass
ejected. Resolved images in radio allow for further constraints on the morphology, tem-
perature, and evolution of the thermal shell. However, only a handful of classical novae
have been well observed at multiple radio frequencies from the optically thick rise to the
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optically thin decay, including HR Del (Hjellming et al. 1979), V1500 Cyg (Seaquist et al.
1980), and V1974 Cyg (Hjellming 1996). This lack is particularly noticeable in the first few
months immediately following the outburst, when the thermal radio emission is expected
to be faint.
Technological improvements to the Karl G. Jansky Very Large Array (VLA) and other
radio telescopes within the past five years have vastly increased the sensitivity of radio
observations. Our group has been using the updated capabilities of the VLA in concert
with optical and X-ray observations to create a more complete and multi-wavelength
picture of the mass-loss history of novae. V1723 Aql was the first classical nova to be
discovered in outburst after the upgrade to that facility. Beginning two weeks after the
initial discovery of the eruption of V1723 Aql in 2010 September, the observations of
Krauss et al. (2011), in combination with the additional radio monitoring presented here,
have produced one of the best, most detailed radio light curves of a classical nova to date.
Discovered in outburst at its optical maximum (mag 12.4) on 2010 September 11, and
with a magnitude of fainter than 14.0 on 2010 September 10, we take that discovery of
V1723 Aql as the start of the outburst, t0 = MJD 55450.5 (Yamanaka et al. 2010; Balam
et al. 2010). Optical observations revealed V1723 Aql to be a typical ‘fast nova’ (Payne-
Gaposchkin 1957) of the Fe II spectral type, fading by two magnitudes within 20 days
(Yamanaka et al. 2010). Despite the lack of extensive optical or IR followup, the obser-
vations in the first few weeks of the erruption showed rapid reddening, implying the
formation of dust particles as early as 20 days after the start of the outburst (Nagashima
et al. 2013). Emission lines of Hα on the day of discovery had full width at zero intensity
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of 3000 km s−1, implying a maximum expansion velocity vobs =1500 km s−1 (Yamanaka
et al. 2010). The nova was neither embedded in the wind of an M-giant mass donor nor
a recurrent nova – making it representative of the majority of novae (Nagashima et al.
2013).
Although V1723 Aql showed no unusual aspects in its early optical behaviour, the
VLA observations revealed an unexpected radio flare peaking roughly 45 days after the
start of the optical outburst (Krauss et al. 2011). Krauss et al. (2011) found that during this
flare, the radio flux density rose as t3.3, far more rapidly than the t2 expected from freely
expanding, isothermal, optically thick thermal ejecta. The radio spectrum during the flare
was also inconsistent with that of an optically thick thermal source of a fixed temperature
(Krauss et al. 2011). With only 175 days of radio monitoring, Krauss et al. (2011) were
not able to conclusively determine the origin of this flare, or whether V1723 Aql would
evolve according to the more standard picture of radio emission from a classical nova
after this unexpected activity. We label the observations between the start of the eruption
and day 175, presented in Krauss et al. (2011), as the early-time observations, and the new
observations presented here (between day 198 and day 1281) as the late-time observations.
We describe below how the combination of the early-time and late-time radio obser-
vations reveals that whereas the late-time observations are dominated by the expected
thermal emission from a freely expanding nova shell, there is strong evidence that the
early-time flare was dominated by non-thermal emission. In section 2.2 we present our
late-time observations and data reduction procedure; in section 2.3, we describe the ob-
servational findings and data analysis; in section 2.4, we introduce a thermal model for
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the remnant after day 200, explore the possibility of the early-time emission being pro-
duced by relativistic particles accelerated in internal shocks, and propose that the ejecta
from V1723 Aql had a morpho-kinetic structure with internal shocks like that of γ-ray
producing nova V959 Mon. In section 2.5, we highlight our conclusions.
2.2 Observations and Data Processing
Building on the work of Krauss et al. (2011), who used VLA observations during
the first six months of the outburst of V1723 Aql to identify the bright early-time flare,
we present our observations of V1723 Aql with the VLA between 2011 March (day 198)
and 2014 March (day 1281) – from six months to three and a half years after the start of
the eruption (see Table 2.1). For completeness, Table 2.1 additionally lists the early-time
observations of Krauss et al. (2011). The late-time observations were taken using the VLA
WIDAR correlator at a range of frequencies spanning 2.5-36.5 GHz with bandwidths of
2048 MHz, distributed in two tuneable 1048-MHz sidebands and using 8-bit samplers.
The central frequencies in each band may have had some slight variation due to frequency
dependent flagging in post-processing to minimize radio frequency interference (RFI). At
each frequency, on-source observations were alternated with observations of a nearby
phase reference calibrator (J1851+0035, J1832-1035, or J1822-0938), with an additional ob-
servation of a standard flux calibration source (either 3c286 or 3c48). We used observations
of the unpolarized calibrator J0319+4130 (3c84) for polarization leakage solutions. The
late-time data presented here comprise 29.5 hours of observations (14.9 hours on source
V1723 Aql) and 658 GB of raw data over three years and two full cycles of VLA config-
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Table 2.1 VLA observations of V1723 Aql, between 2010 September and 2014 March.
Date MJD Daya Epoch Program Config. Bands Timeb
Early time observations (previously presented in Krauss et al. 2011) (min)
2010 Sep 25 55464.1 13.6 0 10B-200 DnC C, Ka 57
2010 Oct 3 55472.1 21.6 1 10B-200 DnC C, Ka 21
2010 Oct 6 55475.1 24.6 2 10B-200 DnC/C C, Ka 58
2010 Oct 15 55483.1 32.6 3 10B-200 C C, Ka 48
2010 Oct 18 55487.1 36.6 4 10B-200 C L, C, X 43
2010 Oct 19 55488.1 37.6 4 10B-200 C C, Ka 28
2010 Oct 24 55493.1 42.6 5 10B-200 C L, C, X 43
2010 Oct 29 55497.0 46.5 6 10B-200 C L, C, X, Ka 71
2010 Nov 7 55507.8 57.2 7 10B-200 C L, C, X, Ka 74
2010 Dec 3 55533.9 83.4 8 10B-200 C L, C, X, Ka 84
2010 Dec 18 55548.9 98.4 9 10B-200 C L, C, X 52
2010 Dec 21 55551.7 101.2 9 10B-200 C C, Ka 34
2011 Jan 14 55575.8 125.3 10 10B-200 C L,C,X, Ka 70
2011 Jan 30 55591.8 141.3 11 10B-200 CnB L,C,X, Ka 63
2011 Mar 5 55625.5 175.0 12 11A-254 B C, X, Ka 51
Late time observations
2011 Mar 28 55648.6 198.1 13 11A-254 B C, X, Ka 52
2011 Aug 2 55775.2 324.7 14 11A-254 A C, X, Ku, K, Ka 116
2011 Aug 27 55800.2 349.7 15 11A-254 A C, X, Ku, K, Ka 72
2011 Nov 11 55876.1 425.6 16 11B-170 D C, X, Ku, K, Ka 58
2012 Jan 14 55940.8 490.3 17 11B-170 DnC C, X, Ku, K, Ka 58
2012 Apr 19 56037.0 586.5 18 11B-170 C C, X, Ku, K, Ka 58
2012 Dec 8 56269.0 818.5 19 12B-226 A C, X, Ku, K 20
2012 Dec 22 56283.6 832.5 20 12B-226 A X, Ka 45
2013 Mar 27 56378.4 927.9 21 13A-465 D C, X, Ku, K, Ka 106
2013 Aug 30 56534.1 1083.6 22 13A-461 C L, C, X, Ku, K, Ka 98
2013 Nov 30 56626.7 1176.5 23 13A-465 B L, S, X, Ka 101
2014 Mar 15 56731.5 1281.0 24 13A-465 A X, Ku 112
a Days after initial detection of outburst, 2010 September 11.
b Total time of observation on-source.
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urations. Including the earlier programs presented in Krauss et al. (2011), the data total
1604 GB and 59.5 hours (28.2 hours on source) between 2010 September 25 and 2014 March
15.
We processed all data using NRAO’s Common Astronomical Processing System
(CASA) or Astronomical Image Processing System (AIPS). As is standard procedure, we
obtained a bandpass solution and used it to solve for gain amplitude and phase, then
applied these solutions to the source, using the ‘Perley-Butler 2010’ flux density scale.
Imaging was completed using the CLEAN algorithm (Högbom 1974) with Briggs weight-
ing, with the additional use of superresolution techniques (Staveley-Smith et al. 1993) on
day 1281 to resolve small structures during that observation. Radio flux densities were
measured by fitting two dimensional gaussians to the emitting region in the image plane
with the task imfit. We estimated uncertainties in flux density by adding in quadrature
the error from the gaussian fit and systematic errors of 1% at frequencies below 19 GHz
and 3% at those above, with the results presented in Table 2.2 and Figs 2.1 and 2.2. All
error bars correspond to 1σ uncertainties.
2.3 Data Analysis and Results
2.3.1 Flux density and spectral evolution
Around day 45, the flux densities reached a local maximum and subsequently de-
clined at all frequencies, with another local maximum at all frequencies between days 200
and 400 (see Table 2.2 and Fig. 2.1). We refer to the radio brightening that peaked around
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Table 2.2 Flux densities for late-time observations of V1723 Aql
Epoch Day Observed flux density (mJy)
5.2 GHz 6.8 GHz 8.7 GHz 9.5 GHz 12.9 GHz
(C band) (C band) (X band) (X band) (Ku band)
13 198 0.75 ± 0.02 ... 1.53 ± 0.03 ... ...
14 325 0.89 ± 0.03 1.32 ± 0.03 1.88 ± 0.03 ... 3.20 ± 0.12
15 250 0.91 ± 0.03 1.33 ± 0.03 1.97 ± 0.03 ... 2.98 ± 0.05
16 425 1.14 ± 0.05 1.59 ± 0.04 2.09 ± 0.04 ... 2.42 ± 0.03
17 490 1.10 ± 0.03 1.60 ± 0.05 1.79 ± 0.03 ... 2.10 ± 0.03
18 587 0.92 ± 0.02 1.30 ± 0.02 1.39 ± 0.03 ... 1.53 ± 0.04
19 818 0.70 ± 0.05 0.76 ± 0.06 ... ... 0.66 ± 0.06
21 928 1.09 ± 0.10 0.61 ± 0.03 0.77 ± 0.04 0.71 ± 0.02 0.53 ± 0.02
22 1084 0.43 ± 0.02 0.48 ± 0.02 0.44 ± 0.02 0.45 ± 0.02 0.43 ± 0.03
23 1177 0.42 ± 0.04a 0.25 ± 0.02b 0.41 ± 0.05 0.34 ± 0.01 ...
24 1281 0.27 ± 0.01c ... ... ... ...
Epoch Day Observed flux density (mJy)
16.1 GHz 20.1 GHz 25.6 GHz 28.5 GHz 36.5 GHz
(Ku band) (K band) (K band) (Ka band) (Ka band)
13 198 ... 5.48 ± 0.17 7.76 ± 0.23 9.02 ± 0.28 12.81 ± 0.39
14 325 3.94 ± 0.10 4.87 ± 0.16 5.35 ± 0.17 5.84 ± 0.18 6.76 ± 0.22
15 350 3.59 ± 0.05 4.20 ± 0.13 4.30 ± 0.14 4.43 ± 0.14 5.38 ± 0.20
16 426 2.71 ± 0.08 3.03 ± 0.10 3.03 ± 0.10 2.87 ± 0.09 3.12 ± 0.11
17 490 2.07 ± 0.03 ... ... 2.42 ± 0.09 2.05 ± 0.10
18 587 ... 1.87 ± 0.08 1.72 ± 0.07 1.85 ± 0.08 1.69 ± 0.10
19 818 0.56 ± 0.05 ... 0.43 ± 0.09 ... ...
20 832 ... ... ... 0.71 ± 0.13 0.62 ± 0.19
21 928 0.59 ± 0.02 0.54 ± 0.03 0.56 ± 0.03 0.55 ± 0.02 0.54 ± 0.03e
22 1084 0.42 ± 0.02 0.51 ± 0.08 0.32 ± 0.03 0.38 ± 0.05 0.35 ± 0.04e
23 1177 ... ... ... 0.23 ± 0.02 0.19 ± 0.02e
24 1281 0.26 ± 0.02d ... ... ... ...
‘...’ indicates no observation at this frequency on this day.
a Values are reported for 2.5 GHz (S-band)
b Values are reported for 3.5 GHz (S-band)
c Values are reported for 13.5 GHz.
d Values are reported for 14.5 GHz.
e Values are reported for 32.5 GHz.
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Table 2.3 Spectral indices. For days where we fit models with spectral breaks, νlt refers to
the break between the low-frequency and transition parts of the spectrum, and νth refers to
the break between the transition and high-frequency portions of the spectrum. αlow, αtrans,
and αh are the corresponding spectral indices for these segments. β shows the density
profile n ∝ 1/rβ associated with the spectral index α for a spherical shell transitioning
between optically thick and optically thin thermal emission (Wright & Barlow 1975), and
χ2r and df are the reduced chi-square statistic and the number of degrees of freedom,
respectively.
Day model αlow αtrans αh νlt / νth χ2r (df ) β
(GHz)
198 SPL* 1.48 ± 0.02 0.73 (4)
325 BPL 1.44 ± 0.05 0.64 ± 0.05 13.6 / ... 0.45 (7) 2.04 ± 0.06
350 BPL 1.54 ± 0.06 0.52 ± 0.03 11.3 / ... 2.75 (7) 1.92 ± 0.03
426 DBPL 1.23 ± 0.19 0.41 ± 0.04 0.03 ± 0.08 8.3 / 21.2 0.60 (7) 1.84 ± 0.03
490 DBPL 1.37 ± 0.15 0.24 ± 0.04 -0.64 ± 0.23 7.3 / 27.8 2.53 (5) 1.69 ± 0.03
587 DBPL 1.26 ± 0.10 0.30 ± 0.05 -0.08 ± 0.19 6.7 / 21.2 1.00 (6) 1.74 ± 0.04
818 SPL -0.22 ± 0.08 1.26 (3)
832 SPL -0.47 ± 1.34 ... (0)
928 SPL -0.19 ± 0.02 8.40 (8)
1084 SPL -0.10 ± 0.04 2.12 (8)
1177 SPL -0.08 ± 0.03 24.19 (4)
1281 SPL -0.22 ± 0.77 ... (0)
*SPL – single power law fit
BPL – broken power law fit (one break)
DBPL – double broken power law fit (two breaks)
day 45 as the early-time flare. There was an additional local maximum between these
two bright peaks at the higher frequencies. The flux densities at the highest frequencies
reached higher values than those at lower frequencies during both major peaks. For exam-
ple, during the final local maxima (between days 200 and 400), the 36.5 GHz flux density
peaked at 12.80 ± 0.39 mJy, whereas the 5.2 GHz flux density peaked at 1.14 ± 0.05 mJy.
Moreover, the flux densities at Ka-band (28.5/36.5 GHz) reached their highest values on
day 198, whereas the flux densities at lower frequencies peaked later, with C-band flux
densities (5.2/6.8 GHz) peaking on day 426 or 490.
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Figure 2.1 Observed flux densities of V1723 Aql between 2010 September and 2014 March.
Error bars are as reported in Table 2.2, but may be too small to be visible.
During the late-time period, the radio spectrum evolved from one that rose with
frequency to one that fell slightly with frequency (see Fig. 2.2 and Table 2.3). To obtain
spectral indices and 1σuncertainty estimates for those spectral indices for each observation
(Sν ∝ να, where Sν is the flux density at frequency ν, and α is the spectral index), we fit
data with a power-law using IDL’s ‘linfit’ function, which minimizes the χ2 statistic, with
the data and error bars in log space. With the simple single power-law model, we found
acceptable fits (χ2r .1.5, where χ2r is the reduced χ2 value) only for days 198 and 818,
between which time the spectral index fell from α = 1.47 ± 0.05 to α = −0.22 ± 0.08.
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Figure 2.2 Spectra of V1723 Aql between 2011 March and 2014 March, with lines showing
the best-fit spectral indices α (where Sν ∝ να). For epochs where the spectral index appears
to be a function of frequency, spectral indices are listed from lowest frequency range to
highest. See Table 2.3
The late-time transition from a rising to a falling spectrum occurred via the appear-
ances of first one, and then a second, spectral break. We refer to the three distinct portions
of the spectrum when two breaks were present as the low-frequency, transition, and high-
frequency parts of the spectrum. We refer to the corresponding spectral indices as αlow,
αtrans, and αh, and the frequencies at which the breaks between the regions of different
spectral index occur as νlt (for the break between the low-frequency and transition part of
the spectrum) and νth (for the break between the transition and high-frequency portion of
the spectrum). For epochs where both a poor χ2 fit and the residuals of the simple power-
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law model suggested a spectral break, we fit the data with broken power law models with
one or two breaks. Fig. 2.2 shows the spectra and fits, and Table 2.3 reports the power
law models that combined to minimize χ2, with the break frequencies indicating where
the power-law models intersect. The uncertainties for the break frequencies correspond
to the range of frequencies at which the power laws intersected given a ±1σ range for the
spectral indices. We were able to find acceptable fits for a single break power-law model
on day 325, and for a double-break power law model on days 426 and 587.
Fig. 2.2 and Table 2.3 show the evolution of the spectrum and its component segments.
The low-frequency spectral index αlow typically had values of approximately 1.4, αtrans
typically had values between 0.2 and 0.6, and αh typically had values of approximately
−0.2. The spectrum on day 490 (see Fig. 2.2) shows the characteristic low-frequency,
transition, and high-frequency spectral regions most clearly. On day 198, the spectrum
was well described by a simple power-law with a low-frequency type spectral index. On
day 325, the lowest frequencies maintained a steep rising spectrum of αlow = 1.44 ± 0.05;
above 16.1 GHz the spectrum became shallower, with αtrans = 0.64 ± 0.05. The spectra
continued to show this break between αlow and αtrans in observations between days 325 and
587, during which time νlt decreased from 13.6 GHz to 6.7 GHz. Observations between
days 426 and 587 showed the additional break at higher frequencies, νth, above which
the spectrum flattened to αh = 0.13 ± 0.13 on day 426, αh = −0.64 ± 0.23 on day 490, and
αh = −0.08±0.19 on day 587. While the very small uncertainties in our flux densities reveal
some deviation from a single power law during the last five observations, the spectrum




V1723 Aql was resolved at the highest observed radio frequency on day 832 (Ka-
band) and on day 1281 (Ku-band) (see Fig. 2.3, panel a). The remnant was therefore large
enough to be spatially resolved, with the difference between the integrated and the peak
flux density greater than five times the root mean square error (RMS). Fig. 2.3 shows
images from the second and third of the three observations during which the VLA was
in A configuration (which gives the highest spatial resolution). The image from day 832
(2012 December 22) at 32.4 GHz shows that the radio emitting material was elongated in
the NW/SE direction and had visible substructure. The full width half maximum of the
brightness profile along the major axis of the fitted gaussian was 160± 10 milliarcseconds
(mas), with the FWHM along the minor axis of 110 ± 20 mas. The position angle (PA)
of the major axis was160◦ ± 10◦ (where PA is the east of north). The clean beam size
was 90 mas by 60 mas, and the peak flux density was 130 ± 20 µJy/beam, with an RMS
of 22.6 µJy/beam. To more accurately estimate the size scale of the source, we fit the
brightness profile, deconvolved from the synthesized clean beam, to a Gaussian. Taking
the width of the Gaussian along the major axis at a flux density of twice the RMS as
an indicator of size, the size scale along the major axis on day 832 was 250 ± 10 mas.
The substructure showed two resolved components with brightness peaks separated by
70 mas. They were aligned perpendicular to the major axis of the elongated material, with
a PA of about 80◦.
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Figure 2.3 Top panel: Spatially resolved image of V1723 Aql taken on 2012 December
22 in Ka-band (32.4 GHz). When fitted to a two-dimensional gaussian, the brightness
profile has a FWHM along the major axis of 160 ± 10 milliarcseconds (mas) and along
the minor axis of 110 ± 20 mas, where the major axis has a position angle of 160◦ ± 10◦
east of north. Contour levels are at [-2,2,3,4,5]×RMS with RMS= 2.26 × 10−5 Jy. There are
two resolved components roughly perpendicular to the major axis of the gaussian profile,
with a separation of 70 mas at an angle of 82◦ E of N. Bottom panel: Spatially resolved
image of V1723 Aql taken on 2014 March 14 in Ku-band (14 GHz). When deconvolved









2, 32]×RMS with RMS=7.01 × 10−6 Jy.
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Taking into account the expected expansion by 50% between day 832 and day 1281,
the size of the radio-emitting remnant on day 1281 indicates that the material that was
most extended on day 832 had faded, and only the denser inner structure remained
detectable. By day 1281 (2014 March 14; using robust = 0.5 in the CLEAN algorithm), the
resolved material was elongated in the NE/SW direction, instead of the NW/SE elongation
seen on day 832. The fitted gaussian had a FWHM of 180 ± 10 mas along the major axis
(which had a PA of 35◦ ± 5◦), and a FWHM along the minor axis of 133 ± 7 mas. The
peak flux density was 118.5 ± 3.5 µJy/beam, with RMS of 3.32 µJy/beam, resulting in a
size scale of 408 ± 2 mas. With a clean beam size of 160 mas by 130 mas, no substructure
was resolved. If we consider the two components visible on day 832, and extrapolate
from their 70 mas separation, we would have expected a separation of 108 mas on day
1281 – which was not within the formal resolution limits of this observation. Therefore,
we additionally used superresolution techniques (Staveley-Smith et al. 1993) to examine
the more detailed structure of the source on this day, deconvolving the source with the
slightly smaller beam size of 90 by 90 mas. Using this technique, we uncovered a ring-like
structure with dimensions ∼ 0.22 × 1.5 arcsec and PA 45◦ (see Fig. 2.3, panel b), with an
RMS of 7.0 µJy/beam.
2.4 Discussion
We propose that the radio emission from V1723 Aql – when considered in the context
of published optical and X-ray observations – is most consistent with a picture in which
the nova initially generated a slow outflow and then a faster flow. We argue below that
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Figure 2.4 We propose a picture where a fast, bipolar outflow is shaped by a slow moving
equatorial torus. Shocks arose in the collision region between the slow and fast flows.
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the slow flow had a speed of a few hundred km s−1, and that it was likely concentrated
toward the equatorial plane of the binary. The faster flow had a maximum speed of at
least 1500 km s−1, and it collided with the early, slow ejecta within a few weeks of the start
of the eruption, producing the early-time flare. The collisions led to shocks that heated
some of the ejecta to temperatures above 107 K, and also accelerated particles to relativistic
speeds. The slow-moving material probably collimated the faster flow into a biconical
structure. Fig. 2.4 shows a cartoon of this toy model. The scenario that we propose for
V1723 Aql is consistent with the one that Chomiuk et al. (2014) suggested for the γ-ray
producing nova V959 Mon.
In the discussion below, we present evidence that supports the picture of a fast flow
that collided with, and was shaped by, a preceding slow outflow. To diagnose the flows
without the complexity of non-thermal emission from the early-time shock, we begin in
section 4.1 by describing how the brightness temperature and radio spectral evolution at
late times were consistent with a freely expanding thermal plasma with a temperature of
around 104 K. The density profile and radio images of this radio-emitting plasma suggest
that it had a roughly bipolar or biconical outer structure, and a shell-like inner structure
with a likely equatorial density enhancement. In section 4.2, we show that the early-
time radio flare was probably dominated by synchrotron emission. Given the low X-ray
flux during the flare (Krauss et al. 2011) and high brightness temperatures, it cannot be
attributed to thermal emission alone. In section 4.3, we discuss how V1723 Aql relates to
other classical novae in its behaviour and shape, including those that produce γ-rays.
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Table 2.4 Total ejecta mass M and minimum velocity (vi) as determined using the spectral
breaks visible on days 426, 490, and 587. Mass estimates vary based on the density profile
assumed.
Day vi (km s−1) ζ = vi/vobs M (M), n ∝ 1/r1 M (M), n ∝ 1/r2 M (M), n ∝ 1/r3
426 360 ± 20 0.24 ± 0.01 2.7 ± 0.3 ×10−4 1.6 ± 0.2 ×10−4 0.9 ± 0.2 ×10−4
490 210 ± 10 0.14 ± 0.01 4.0 ± 0.4 ×10−4 1.6 ± 0.2 ×10−4 0.6 ± 0.1 ×10−4
587 190 ± 20 0.13 ± 0.01 4.6 ± 1.6 ×10−4 1.7 ± 0.7 ×10−4 0.7 ± 0.3 ×10−4
2.4.1 Origin of the Late-Time Radio Emission: Expanding thermal shell
2.4.1.1 General physical constraints
We obtained a first estimate of the distance to V1723 Aql by using our maximum
extension of the remnant on day 832, when our image had the highest spatial resolution
(smallest clean beam). Since by day 832, some of the outermost material had become
optically thin and therefore the remnant might not have a sharp outer edge, we took the
maximum size scale to be the extent along the major axis of the gaussian fit, down to
a flux density of twice the RMS. When we compare the size scale of 251 ± 7 mas with
the expectation for ejecta expanding with a maximum velocity of vobs = 1500 km s−1
(Yamanaka et al. 2010), we obtain a distance of 5.7 ± 0.4 kpc, or ∼6 kpc. The assumption
that the maximum expansion speed in the plane of the sky is equal to the maximum radial
velocity is valid if the remnant is approximately spherical or, for a bipolar flow, has wide
opening angles (as is suggested by the 1/r2 density profile, see below).
Other methods of distance determination using optical data are either not possible
or extremely unreliable. There are two means of nova distance determination using
optical data. The most common utilized method is the Maximum Magnitude Rate of
Decline (MMRD) method (della Valle & Livio 1995); the other method involves utilizing
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high-resolution spectra to identify absorption lines from intervening interstellar clouds of
known distance (e.g. Chomiuk et al. 2012). No high resolution spectra of V1723 Aql were
available, making it impossible for us to use the latter method. The MMRD technique has
been the subject of serious critiques in recent publications (e.g. Kasliwal et al. 2011; Cao
et al. 2012). Further, the episode of dust formation observed in V1723 Aql confounds the
determination of t2, rendering the already dubious MMRD method useless for distance
determination.
Using d∼6 kpc, we find that the brightness temperature after day 200 was consistent
with the late-time radio emission emanating from a thermal remnant with T ∼ 104 K,





where c is the speed of light, kb is Boltzmann’s constant, t is the time since eruption,
and vobs is the observed maximum radial velocity (e.g. Bode & Evans 2008). Using our
values from day 200, for example, we find that Tb = 1.5 ± 0.4 × 104 K at 5.2 GHz, which
is consistent with ∼104 K. Ionized ejecta from novae are typically found to have electron
temperatures of around 104 K, which is also approximately the equilibrium temperature
for photoionized plasma that is cooled by forbidden line emission (Seaquist & Palimaka
1977; Taylor et al. 1987; Bode & Evans 2008). This ∼104 K ejecta temperature can be
sustained by photoionization heating by the WD for up to a year after the nova eruption
(Cunningham et al. 2015). A brightness temperature around this value therefore provides
support for thermal bremsstrahlung as the dominant emission mechanism at late times in
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V1723 Aql.
Moreover, the detailed evolution of the radio spectrum between days 198 and 350
(approximately 6 to 12 months after the start of the outburst) places constraints on the
density profile in the outermost regions of the expanding ejecta. We consider the point
at which the free-free optical depth at a given frequency (τν) is unity, where the emitting
material transitions from optically thick to optically thin. The high spectral index of
αlow ≈ 1.5 on day 198 indicates that at that time, the ejecta were dense enough to be
optically thick for frequencies of up to at least 36.5 GHz. Therefore, these τν = 1 surfaces
were very close to the outer boundary of the ejecta for all frequencies at which we observed
on day 198. The appearance of the first spectral break on day 325, however, reveals that by
that time, the density of the ejecta had dropped enough that at least part of the ejecta were
beginning to become optically thin for frequencies above νlt. Thus, the radii of the τν = 1
surfaces at frequencies above νlt were no longer increasing as fast as that of the ejecta. The
spectral index above the first spectral break (αtrans) is directly related to the density profile
in these transitioning ejecta. For an isothermal shell with a density profile of the form
n(r) ∝ 1/rβ (where n is density and r is distance from the central binary), the spectral index
is given by αtrans ∼
4β−6.2
2β−1 for β ≥ 1.5 (Wright & Barlow 1975). For a measured αtrans, we
thus have β = 31−5αtrans20−10αtrans (see Table 2.3). Our measurement of αtrans ≈ 0.6 on days 325 and
350, when only the outermost portions of the ejecta were beginning to become optically
thin, suggests that the density profile in the outermost part of the ejecta was proportional
to 1/r2.
The appearance of a second break in the spectrum on day 426, roughly 14 months after
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the start of the eruption, shows that the ejecta had become optically thin at frequencies
above νth. Optically thin thermal emission has a spectral index of α = −0.1 (e.g. Bode &
Evans 2008),as we approximately found above νth. Between the two breaks at νlt and νth,
the spectral index of the transitioning region αtrans provides information about the density
profile deeper within the ejecta. With a value of approximately 0.3 on days 490 and 587,
when these two breaks are clear, αtrans suggests an average density profile deep within the
remnant of roughly 1/r1.7 – somewhat flatter than in the outermost regions of the remnant.
The observed evolution of αtrans is unlikely to be due to a temperature gradient.
Although a temperature gradient can in principle affect the spectral index, the effect
drops out for a 1/r2 density profile (Cassinelli & Hartmann 1977; Barlow 1979). Moreover,
a radial decrease in the ionized gas fraction would also only serve to increase the steepness
of the spectrum during the transition period (Wright & Barlow 1975), in contrast to what
we observed. Therefore, the observed flattening of the αtrans in the interior of the ejecta is
unlikely to have been due to a temperature or ionization gradient.
For a more promising avenue to explain the declining αtrans, Wright & Barlow (1975)
note that non-spherical geometries can cause the total number density of the gas to fall off
less rapidly than n ∝ r−2 for a constant, finite duration flow. For example, a disk geometry
would fall off as n ∝ r−1 and in a cylindrical geometry n would be independent of r (Wright
& Barlow 1975). Therefore, that for V1723, Aql αtrans appears to flatten slightly with time
may indicate that the inner remnant is more confined towards the equatorial plane than
the outer remnant – as in the case of the biconical flow collimated by a dense, slow torus
in V959 Mon (Chomiuk et al. 2014). If this is the case, a bi-polar outflow could result in
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an over-estimate of mass by up to a factor of two (Ribeiro et al. 2014). Nevertheless, since
the density profile of 1/r2 in the outer regions of the ejecta suggest that any bipolar flow
must have a wide opening angle, we can nevertheless use a spherical model to obtain
reasonable estimates of the ejecta parameters.
The flux density near νth furnishes a rough estimate of the inner radius of the ejecta
on the dates when this break frequency was observable. The ejecta are optically thin, with
optical depth τν < 1, at frequencies above νth. They are optically thick, with τν > 1 at
frequencies below νth. Integrating the absorption coefficient for radio emission at νth along
the line of sight through the ejected envelope therefore gives exactly τν = 1, suggesting
that the photosphere lies near the inner edge of the ejected shell for νth. At the frequency















(Rybicki & Lightman 1979), where θ is the full angular diameter of the photosphere.
Using the break frequencies νth and flux densities at these frequencies from days 426, 490,
and 587 (see Fig. 2.2), and taking Tb ≈ 104 K, we find that the inner edge of the ejecta
had an approximate radius of between 10 and 15 mas during these observations, which
corresponds to an expansion speed vi of the slowest, innermost ejecta of between 200 and
400 km s−1(d/6 kpc)(Tb/104 K),−1/2, assuming all the ejecta were homologous and ejected at
t0. Although these estimates do not provide any evidence that the inner radius increased
between days 426 and 587, the estimates are uncertain enough that they do not place
meaningful constraints on the actual evolution of the inner radius. The estimates do,
66
however, indicate that the radio-emitting ejecta were geometrically thick (given that the
outermost material moved away from the central binary at approximately 1500 km s−1),
though not uniquely or unusually so (e.g. Seaquist & Palimaka 1977).
The radio spectra during the second year of the eruption also enable us to make an
estimate of the ejecta mass. We can obtain the emission measure of the ejecta at the τν = 1
radio photosphere at νth from the expression












where τν is the free-free optical depth at frequency ν and EMrad =
∫ Ro
Ri
n2(r) dr is the
emission measure integrated from the inner radius Ri to the outer radius Ro (Lang 1980).
With the emission measure, inner and outer radii, and density profile in hand for the
observation with the clearest break frequency νth, we can estimate the mass of the ejecta.
For the purpose of this mass estimate, we take a spherically symmetric shell and density
proportional to 1/r2, as estimated from αtrans in the outer regions of the ejecta. Using
the inner radius on day 426 from above, which gives the velocity of the inner edge as
vi = 360 km s−1 and outer radius assuming a maximum expansion velocity of 1500 km s−1,
we find an approximate ejecta mass of 1.6(±0.2) × 10−4 M, which is of the same order
of magnitude as is typically found in nova ejecta mass estimates (Bode & Evans 2008).
Repeating this process for other days on which multiple breaks were visible results in
similar mass estimates – on day 490 we find a mass of 1.6(±0.2)× 10−4 M, and on day 587
we find a mass of 1.7(±0.7) × 10−4 M (see Table 2.4).
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Figure 2.5 The late time observations of V1723 Aql between 2011 March and 2014 March,
presented here for the first time, with eight previously published data points from days
2011 January 31 and 2011 March 5 used to constrain the high frequency light curves.
Model indicates light curve of an expanding spherical thermal shell with a density profile
of 1/r2, mass M=1.7 × 10−4 M, ejecta temperature of T=1.1 × 104 K, maximum velocity
of vobs=1500 km s,−1 distance of d= 6.0 kpc, and ratio of minimum to maximum velocity
ζ = vi/vobs = 0.17.
2.4.1.2 The Hubble Flow model
The gross properties of the radio-emitting ejecta at late times (after day 200) were
consistent with expectations from the so-called “Hubble-Flow” model (Seaquist & Pali-
maka 1977; Hjellming et al. 1979). In this model, a spherically symmetric shell is ejected
from the WD instantaneously, but with a range of velocities, so that the velocity is pro-
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Figure 2.6 Variations of the Hubble Flow model compared to the observed flux densities.
Unless otherwise stated, the parameters for the model show distance of 6 kpc, maximum
velocity of 1500 km s−1, temperature of 1.1 × 104 K, mass of 1.7 × 10−4M, and ζ =
0.17. The leftmost column shows variation in temperature, with the top panel showing a
temperature of 3 × 104 K and the bottom showing a temperature of 5 × 103 K. The middle
column shows variation in mass: the top panel shows a model with mass 2.5 × 10−4 M,
and the bottom panel shows 1.2 × 10−4 M. The right column shows variation in shell
thickness, varying the ratio of minimum to maximum velocity ζ. The top panel shows a
ratio of 0.4, and the bottom shows a ratio of 0.08.
portional to the distance from the WD. A 1/r2 density profile, as we inferred from αtrans,
corresponds to the mass being distributed uniformly over the velocities. Such a model
has been applied to many historical novae, including V1974 Cyg (Hjellming 1996), V1500
Cyg (Seaquist et al. 1980), QU Vul (Taylor et al. 1988), and V723 Cas (Heywood et al.
2005). Given the brightness temperature after day 200 of near 104 K, and the evolution
of the radio spectrum from initially rising with frequency (as expected for an optically
thick shell) to falling slightly with frequency (as expected for an optically thin shell) via
the appearance of two distinct spectral breaks, we conclude that it is reasonable to use a
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Hubble-flow model to parametrize the ejecta that produced the late-time radio emission
from V1723 Aql.
Although the Hubble-flow model does not give a formally acceptable fit to the late-
time radio emission, it is roughly consistent with the most dominant features in the data.
Fig. 2.5 shows the Hubble-flow model light curves that provide the best fitting to the
late-time radio data (where we have added eight data points published in Krauss et al.
(2011) from days 141 and 175 to our measurements to help constrain the turnover of the
high-frequency light curves). Taking the nova to have a distance of 6 kpc and using the
expansion velocity measured by Yamanaka et al. (2010) on the day of discovery as the
maximum velocity vobs = 1500 km s−1, ejected at t = 0, and allowing other parameters
to vary, our best fitting model has an ejecta mass of M = 1.7 × 10−4 M, a temperature
of T = 1.1 × 104 K, and a ratio of minimum to maximum velocity ζ =vi/vobs = 0.17 (see
Fig. 2.5). Given that the ejecta are clearly not spherically symmetric (see Fig. 2.3), and that
the evolution of the spectral index αtrans from 0.6 to 0.3 suggests a flattening of the density
profile over time, it is not too surprising that the Hubble-flow model does not provide
a formally acceptable fit. Overall, however, the fitting of the late-time radio data with a
Hubble-flow model indicates that if the ejecta were approximately spherical, then roughly
2 × 10−4 M was ejected at a temperature of 104 K.
Comparing model light curves for a range of ejecta masses, temperatures, and shell
thicknesses provides a measure of the uncertainty on these parameters. Fig. 2.6 suggests
that the best fitting parameters are accurate to within at least a factor of 2. In terms of
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the effect that modifying these parameters has on the model light curves, changing the
distance would have influenced the maximum flux density at each frequency, to which
it is inversely related. Increasing the temperature of the shell increases the resulting
flux density at all times, and causes the turnover from optically thick to thin to occur
earlier. Increasing the maximum velocity also causes this transition to occur at earlier
times. The ratio of the minimum and maximum velocity, ζ, relates to the flux density and
the decline of the light curve after peak – a higher ratio corresponds to a geometrically
thinner remnant, which both raises the maximum flux density and causes a swifter decline
in flux density after this peak. Increasing the total ejecta mass in the model also causes
an increase in flux density at all times, and causes a slower, later transition from optically
thick to optically thin emission at all frequencies.
While our observations are generally consistent with a n ∝ r−2 density profile, we
can additionally demonstrate the sensitivity of the total ejecta mass to the distribution of
mass within the nova shell. For example, if we again use the observed spectral breaks
to estimate the inner and outer radii of the shell and calculate the emission measure, we
can estimate the mass of the shell with different density profiles. For example, by using
the spectral breaks on day 587, we estimate an ejecta mass of M ∼ 4.6 × 10−4M and
M ∼ 0.7 × 10−4M for densities profiles of 1/r and 1/r3, respectively (see Table 2.4). If
the ejecta from V1723 Aql were clumpy rather than smooth, the total ejecta mass would
be reduced. Clumping increases the flux density of an isothermal shell by up to a factor
of f −2/3, where f is the volume filling factor (Abbott et al. 1981). However, clumping
would not influence the spectral index, nor the overall shape of the radio light curve, as
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uniformly distributed clumping would effect the free-free flux similarly at all frequencies
(Abbott et al. 1981; Leitherer & Robert 1991; Nelson et al. 2014).
2.4.2 Origin of the early time flare: particles accelerated in shocks
within the ejecta
2.4.2.1 Brightness temperature of the ejecta
Whereas the late-time emission is consistent with originating in a thermal remnant
with T ∼ 104 K and a strong resemblance to a Hubble flow, the early-time emission is
not (see Fig. 2.7). In fact, the T ∼ 104 K ejecta were only revealed once the early-time
flare faded. The brightness temperature at early times was strongly dependent on both
frequency and time, with a maximum Tb of between∼ 6×104 K at 36.5 GHz and∼ 4×106 K
at 1.4 GHz. Brightness temperature is an expression of surface brightness and represents
a lower limit on the physical temperature of any thermally-emitting material; for the flare
to have been thermal, it would therefore have had to have been emitted by plasma with
T ≥ 4 × 106 K.
During the early-time flare, however, the X-ray flux was too low for the radio flare
to have been due to hot (X-ray emitting) plasma. For the radio flare to have been entirely
thermal, it would have had to have been produced by plasma that was optically thick









. The flare could in principal also have been produced by free-free
emission from hotter plasma that subtended a smaller solid angle on the sky. Krauss et al.
(2011) detected X-ray emission from plasma with T > 2× 107 K on day 41 after the start of
72
Figure 2.7 Flux densities (top panel) and brightness temperatures (bottom panel) for
V1723 Aql between 2010 September and 2014 March. The dashed lines indicate the
expected thermal emission from an expanding spherical shell with a density profile pro-
portional to 1/r2, mass M=1.7 × 10−4 M, ejecta temperature of T=1.1 × 104 K, maximum
velocity of vobs=1500 km s−1, distance of d = 6.0 kpc, and ratio of minimum to maximum
velocity ζ = vi/vobs = 0.17. The brightness temperature, which is an expression of surface
brightness, is highly frequency dependent and peaks during the early-time flare at all fre-
quencies. The great difference between the brightness temperatures during the early-time
flare and the late-time peak highlights the physically distinct nature of the early and late
radio brightenings.
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the eruption. For ejecta with T = 2× 107 K to be optically thick, the free-free optical depth
would have to have been greater than one:
τ f f = 3.0 × 10−12
(
T





EMrad > 1. (2.4)
This requirement corresponds to
∫










A hot plasma with a temperature five times the maximum Tb could in principal have
produced the radio flare if it was optically thick at 1.9 GHz and subtended a solid angle
that was 20% that of the entire ejecta. A uniform-density spherical shell of that size, with
shell thickness `, would therefore require an electron density of












to be optically thick. Such hot plasma would produce an X-ray emission measure, EMx ≡∫
n2e dV (where V is the emitting volume), of approximately 8 × 1059 cm−3 (independent
of `), and (unless the shell was extremely thin) have a mass of a few times 10−6 M. On
day 41, however, Swi f t/XRT detected X-rays with an EMx of just ∼ 1056 cm−3, indicating
that there was not enough 2 × 107 K plasma to produce the observed radio flare. Even
generating a model of the expected X-ray emission and assuming the highest reasonable
absorbing column allowed by the X-ray spectral fit (3×1023 cm−2), the observed X-ray flux
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was still an order of magnitude lower than would be required to explain the radio flare
with thermal emission. The natural alternative to thermal emission is radio synchrotron
emission from electrons accelerated in a shock.
The inconsistency between the radio flux density at 1.9 GHz and thermal radio
emission expected from the 2×107 K X-ray emitting plasma is independent of the distance
to V1723 Aql. If we were to allow the temperature of the hot plasma to drop below 2×107 K
(despite the constraints from Krauss et al. (2011)), then the evidence for synchrotron
emission would in principle depend on the distance to V1723 Aql. However, for the
distance to be small enough to explain the radio flare with thermal emission, the outflow
velocities become inconsistent with constraints from optical spectroscopy. Therefore, the
combination of radio, X-ray, and optical observations appear to support a synchrotron
emission mechanism.
2.4.2.2 Failure of thermal shock emission model
To further assess whether the early-time radio flare in V1723 Aql was thermal or non-
thermal (synchrotron) in origin, we consider a one-dimensional, spherically-symmetric
model for internal shocks in novae, as presented in Metzger et al. (2014, hereafter M14).
Consider a fast outflow of velocity vf & 103 km s
−1 that collides with a slower shell of
velocity vs . vf. For simplicity, assume that the mass of the slow shell is comparable to
or lower than that of the fast material and is emitted at time t = 0. The fast outflow is
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Figure 2.8 Observed flux densities and model flux densities in radio for a thermal shock.
Assuming a distance of 6 kpc, the model uses a fast wind with an initial velocity v f =
2100 km s−1, mass Mw = 0.8× 10−4 M, and a characteristic duration of 12 days. The wind
collides with a slower moving circumbinary shell with initial velocity vs = 1300 km s
−1
and mass Ms = 1× 10−4 M. This results in a post shock velocity of vobs =1500 km s−1 and
total nova ejecta mass as = 1.8 × 10−4M, consistent with our late-time thermal model.
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where ∆v ≡ vf − vs and vf,8 = vf/108 cm s−1.
The predicted radio flare following this collision would be powered by the forward
shock that emerges from the slow shell at approximately the time of the collision, i.e.
tc ∼ 50 days. If both shells are ejected over a timescale less than the duration of the
peak optical activity, i.e. ∆t = (∆v/vf)tc . 2 weeks, then the relative velocity between the
shells must be relatively low, ∆v . vf(∆t/tpk) ≈ 0.3vf, corresponding to a collision radius
Rc ∼ vstc . vftc ∼ 1015 cm for vf ∼ 2 × 103 km s−1.
The forward shock heats gas to a temperature (M14, eq. 31),











corresponding to an X-ray energy of kT ∼ 0.5 keV for characteristic values ∆v ∼ 0.3vf and
vf ∼ 2 × 103 km s
−1. For purposes of an estimate, here we have assumed that the slow
shell is of comparable or lower density than the fast outflow.
For n ≈ 107 cm−3 and kT ≈ 0.5 keV the cooling time of the gas is approximately one
week for solar abundances, and even less for XZ ∼ 0.1 as assumed below. This suggests


















where n is the (unshocked) density of the slow shell at the time of the collision. That the
observed X-ray luminosity of LX ∼ 3× 1032 erg s−1 near the radio peak (Krauss et al. 2011)
is several orders of magnitude smaller than the fiducial value in equation (2.10) would
require strong absorption of these soft X-rays by neutral gas ahead of the shock. Indeed,







4 × 1014 cm
)
(2.11)
exceeds unity for n & 107 cm−3, where XZ = 0.1 is the assumed mass fraction of CNO
elements. This density corresponding to a minimum mass of the slow shell of Msh &
4π(R2c∆)nmp ∼ 10−4 M for Rc ∼ 1015 cm. For values of n below which τx < 1, LX in equation
(2.10) still exceeds the observed X-ray luminosity by at least an order of magnitude; this
may suggest that v f ,8 . 1, or that a fraction of the shock power instead emerges at UV/soft
X-ray energies below the Swift bandpass.
The maximum radio brightness temperature of radiative shocks at frequency ν is
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given by (M14, eq. 65),
Tmaxb,ν ≈

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(2.12)
where ν10 = ν/10 GHz, n7 = n/107 cm,−3 and









defines the pre-shock density above which the layer of X-ray ionized gas ahead of the shock
is optically thick to free-free absorption, where a temperature of 2 × 104 K is assumed for
the pre-shock gas. This value, appropriate to the photo-ionized layer slightly ahead of the
shock (Metzger et al. 2014), may be slightly higher than the values expected for the bulk
of the ejecta later, which our Hubble flow modeling finds is closer to 1 × 104 K.
The observed peak brightness temperature of V1723 Aql (see Fig. 2.7) exceeds the
range given by equation (2.12) by more than order of magnitude, strongly suggesting a
non-thermal origin for most of the observed radio emission. Furthermore, equation (2.12)
was derived under the assumption that free-free emission is the sole source of cooling
behind the shock. If the effects of line cooling are included, Equation (2.13) greatly
overestimates the brightness temperature, further enhancing the tension with thermal
emission models.
It is difficult to produce a thermal model that fits the early time radio data and is
also consistent with the X-ray and late radio constraint. In Fig. 2.8, we applied the M14
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model to the early light curve, modeling the shock as the collision of a fast wind with
v f = 2100 km s
−1 and mass 0.8 × 10−4 M and a shell with vs = 1300 km s−1 with mass
Msh = 1 × 10−4 M. We assumed that the shells were released around t = 0, with a
characteristic duration of the wind of 12 days, motivated by the observed optical decline
rate. These parameters result in a post-shock velocity of vobs = 1500 km s
−1 and a total
ejecta mass of M ∼ 1.8 × 10−4M, consistent with our late-time thermal model. Taking
n ∝ 1/r2 and distance of 6 kpc, we were unable to reproduce the high radio flux densities
over the course of the shocks. We conclude that synchrotron emission must therefore have
at least partially powered the early-time flare.
2.4.2.3 Synchrotron emission from particles accelerated in shocks
The failure of thermal emission to account for the early-time radio flare suggests that
the flare was dominated by synchrotron emission from particles that were accelerated
in shocks. For one thing, shocks are common in classical novae. Evidence for shocks
is provided by X-ray emission from plasma with temperature above 107 K (e.g. Mukai
et al. 2008). Such temperatures arise naturally behind shock with speeds on the order of
1000 km s−1 (see Equation 2.9). Furthermore, the recent identification of classical novae as
a new class of γ-ray sources shows that not only are shocks ubiquitous in novae, but that
relativistic particles are as well (Ackermann et al. 2014; Metzger et al. 2015). A natural
acceleration mechanism for these particles is Fermi acceleration in the shocks. In fact, radio
observations have illustrated the existence of radio synchrotron emission in a normal nova
– in Fermi-detected nova V959 Mon, Chomiuk et al. (2014) identified the location of γ-
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ray producing relativistic electrons as the region where a fast outflow collided with, and
was shaped by, a dense equatorial torus. Although V959 Mon did not produce a strong
early-time radio flare, its early-time radio emission was consistent with being synchrotron
(Chomiuk et al. 2014). Whereas existing observations do not constrain the inclination of
V1723 Aql, V959 Mon is viewed very nearly edge on (Chomiuk et al. 2014) – it is thus
possible that some early non-thermal emission may have been obscured by the optically
thick equatorial torus. Moreover, while the early-time flare in V1723 Aql suggests stronger
non-thermal radio emission than that seen from V959 Mon, VLA observations of γ-ray
producing nova V1324 Sco (Nova Sco 2012) revealed a double peaked radio light-curve
similar to that of V1723 Aql (Finzell et al., in preparation).
Moreover, synchrotron emission is physically plausible for V1723 Aql. We expect the










where εB = 10−2εB,−2 is the fraction of the post-shock thermal energy placed into turbulent
magnetic fields. The characteristic synchrotron frequency from an electron of Lorentz
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For typical densities in the radio-producing nova shocks, n ∼ 107 cm,−3 the production of
radio synchrotron thus requires relativistic electrons with γe, corresponding to energies
of a few hundred MeV. Such electrons may be directly accelerated at the shock (leptonic
scenarios; see, e.g., Park et al. 2015; Kato 2015), or they may be created as electron/positron
pairs produced by the decay of charged pions (hadronic scenarios). The Larmor radii
of the radio emitting particles (γe of a few hundred) is extremely small compared to
the size of the shock, so particles can easily remain within the acceleration region. As a
comparison, supernovae remnants, which typically have post-shock densities on the order
of 0.1 − 10 cm,−3 and velocities of a few thousand km s−1 (e.g., Williams et al. 2014; Metzger
et al. 2015b), using equation 2.14 would have magnetic field strengths scaling roughly as
50 µG, not atypical for post-shock remnants (as in, e.g., Ressler et al. 2014). More detailed
modeling of the non-thermal radio emission in novae (Vlasov et al., in preparation)
find acceptable fits to the peak brightness temperature for assumed microphysical shock
parameters (εe ∼ 10−3 − 10−2,εB ∼ 10−2) as inferred from modeling supernova remnants
(e.g., Morlino & Caprioli 2012).
The properties of the radio flare are also consistent with a synchrotron contribution.
The expected time scale for the decay of any synchrotron contribution is set by the size scale
of the remnant divided by the expansion speed (Taylor et al. 1989), which for V1723 Aql
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is around 40 days, as observed. Krauss et al. (2011) did not detect linear polarization
at 5.5 GHz on day 48, with a 3σ upper limit of 39 µJy (or 1%). Similarly, on day 57,
we detected no linear or circular polarization averaging across 1 GHz of bandwidth
centred at 28.2 GHz, with 3σ upper limits of 0.42 mJy (9%) for circular polarization and
0.63 mJy (6%) for linear polarization. Given that the magnetic field geometry was likely
to have been complex, the lack of strong polarization is not a concern for the synchrotron
picture. That the radio spectrum rose with frequency during the radio flare indicates that
the synchrotron emission was either self-absorbed or suffered from free-free absorption.
Since synchrotron self absorption would require the synchrotron-emitting region to have
been extremely compact (i.e., have had a solid angle multiple orders of magnitude smaller
than that of the remnant), whereas a reasonable amount of 104 K ionized gas could have
led to observable absorption, we find free-free absorption more likely.
2.4.3 Nova Shocks in the context of bipolar flows and γ-rays
The perpendicular structures evident in Fig. 2.3 are reminiscent of the perpendicular
flows that Chomiuk et al. (2014) found to be responsible for the generation of shocks
and gamma-rays in nova V959 Mon. In V959 Mon, radio observations showed that
strong internal shocks produced synchrotron emission coincident with the γ-ray detection
(Chomiuk et al. 2014). Radio images of the ejecta showed rapidly expanding bipolar flows,
which faded over the course of sixteen months to reveal an inner structure that collimated
the outer flow (see Chomiuk et al. 2014, Fig. 2d). Our image from day 1281 (see Fig. 2.3,
panel b) reveals a similar inner structure that may be a shell with an equatorial density
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enhancement. The evolution of the radio spectrum of V1723 Aql may also indicate that the
inner portions of its ejecta had a flatter density profile than the outer regions, as one might
expect if an inner structure was more confined to the orbital plane (as in V959 Mon).
Furthermore, the resolved image on day 832 showed two distinct components aligned
roughly perpendicular to the axis of greatest elongation, which could be indicative of a
limb-brightened collimating torus.
By associating V1723 Aql’s multiple, distinct radio structures with different velocities,
we identified flows that likely collided and led to shocks and particle acceleration. While
optical spectra revealed the presence of a fast flow with maximum radial velocity vobs =
1500 km s−1 (Yamanaka et al. 2010), there is optical spectral evidence for slower moving
ejecta as well. By using the break frequencies of the radio spectrum as the nova shell
transitioned from optically thick to optically thin, we estimated that the slowest ejecta
had an expansion speed of vi between 200 and 400 km s−1(d/6 kpc)(Tb/104 K)−1/2. The
two components that were visible on day 832 had a separation of 70 mas on the plane
of the sky, which, using a distance of 6 kpc, implies that each component had a velocity
of roughly 440 km s−1 if they were ejected at t = 0 – consistent with our estimate for
the innermost material. Additionally, Nagashima et al. (2013) modeled optical emission
lines on days 7 and 11 with two overlapping gaussian components with central velocities
of -190 km s−1 and 360 km s−1 relative to line of sight, also supporting a non-spherical
distribution of ejecta with slow flows on the order of a few hundred km s−1. Finally, the
expected temperature behind a shock between two flows with velocities of 440 km s−1





K (from equation 2.9), which is consistent
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with observational constraints on the temperature of the X-ray emitting plasma (Krauss
et al. 2011). That we measure a density profile close to 1/r2 from the transitioning ejecta
indicates that the bipolar outflow likely had a wide opening angle. A model of V1723 Aql
as a wide, biconical flow with collimating torus expanding at a few hundred km s−1 is
consistent with imaging, optical and radio spectroscopy, the detection of X-ray emission,
and the evolution of the radio light curve. The presence of more complex substructures
or additional shocks could account for other variations in the radio light curve.
Fast biconical flows and slow equatorial tori may be more common than previously
thought. For example, a change in the PA of maximum elongation like that in V959 Mon
and V1723 Aql was also evident in Nova QU Vul, which had a double peaked light curve
much like that of V1723 Aql (Taylor et al. 1987, 1988). Early imaging of QU Vul showed
bipolar structure, later evolving into a more spherical shape – suggesting that as the outer
bipolar emission became optically thin, it revealed the central, more ring-like emission
region (Taylor et al. 1987), as we saw in V1723 Aql.
That V1723 Aql displayed evidence for both shocks and dust production (Nagashima
et al. 2013) around the time of the radio flare raises the intriguing possibility that dust
production in novae is related to shocks. Both X-rays and radio synchrotron emission
indicate that shocks were energetically important in V1723 Aql roughly 40±20 days into
the eruption. Nagashima et al. (2013) argued based on optical observations that dust
was produced around day 20. The finding by Metzger et al. (2014) that internal shocks
generate a cool, dense post-shock region suggests that the appearance of shocks and dust
at approximately the same time in V1723 Aql may be more than a coincidence.
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2.5 Conclusions
Radio and optical imaging of novae has shown evidence for the formation of jets, eg.
RS Oph (Sokoloski et al. 2008); rings, eg. DQ Her (Slavin et al. 1995; Sokoloski et al. 2013);
clumping, eg. T Pyx (Shara et al. 1997) and V458 Vul (Roy et al. 2012); collimating torus,
eg. V959 Mon (Chomiuk et al. 2014); and other asymmetries. For V1723 Aql, the contrast
between the early- and the late-time radio emission reveals a system of colliding flows
in the ejecta. This finding has broader implications for the production of γ-rays and the
shaping of the ejecta from novae.
1. Late-time radio emission from V1723 Aql was roughly consistent with a freely ex-
panding thermal plasma with a well-defined inner edge, a temperature of 104 K, an
ejecta mass of approximately 2× 10−4 M, a ratio of minimum to maximum velocity
ζ =vi/vobs ∼ 0.2, a maximum velocity of 1500 km s−1, and a distance of 6 kpc.
2. The early-time radio flare was most likely due to a combination of thermal and
non-thermal synchrotron emission emanating from the shocks that produced the
observed X-ray emission. Thermal shocks alone fail to reproduce the high brightness
temperature and weak X-ray emission.
3. The shocks that generated the early-time radio flare did not cause either the early
optical light curve or the late-time radio evolution to significantly diverge from
the expected behaviour of a standard fast nova. Relatively few novae have such
comprehensive early-time radio observations, and thermal X-ray emission from
shocks in novae is known to be common (Mukai et al. 2008) – therefore, detectable
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radio emission from early shocks could be more ubiquitous than previously realized.
4. It has been established that γ-ray production in the first few weeks of nova eruptions
may be common (Ackermann et al. 2014; Metzger et al. 2015). γ-rays are presumably
the result of particle acceleration in shocks, early radio flares – as in V1723 Aql –
may provide an important diagnostic of the shocks and colliding flows that produce
γ-rays.
5. Although the morpho-kinematic structure of the ejecta from V1723 Aql is not tightly
constrained, its behaviour is consistent with that of a biconical flow loosely col-
limated by a slow equatorial torus, as in V959 Mon (Chomiuk et al. 2014). This
hypothesis is supported by the existence of the perpendicular structures in the re-
solved radio images (see Fig. 2.3). Moreover, the shock speed derived from the
difference between the fast radio flow (1500 km s−1) and the slow radio flow (knots
moving at ∼400 km s−1) is consistent with that inferred from the temperature of the
post-shock X-ray emitting plasma. The flattening of the density profile seen from
the variation in αtrans could be a consequence of the material being slightly more
concentrated towards the equatorial plane in the inner region of the remnant (see
Fig. 2.4).
Radio observations are a powerful diagnostic for the colliding flows and shocks
that are crucial for γ-ray production and shaping of the ejecta from novae. The radio
emission from V1723 Aql shows that the collision of fast and slow flows resulted in a
shock which, although leaving the late-time behaviour of the radio light curve mostly
unaffected, produced both thermal and non-thermal emission. With the recent detections
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of classical novae in γ-rays, the question of relativistic particles in novae becomes even
more important. Chomiuk et al. (2014) found the morphology of the shock-producing
structures in V959 Mon; our work here extends those findings to other classical novae.
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Chapter 3
Shock-powered radio emission from
V5589 Sagittarii (Nova Sgr 2012 #1)
3.1 Introduction
Since the discovery of γ-rays from novae by the Fermi Gamma-ray Space Telescope
(Fermi) in 2010 (Cheung et al. 2010; Abdo et al. 2010), the production of early, high-energy
shocks in the ejecta of novae has become an increasingly important topic in the field of
nova studies. These shocks can be caused by collisions with pre-existing circumstellar
material (eg., V407 Cyg, V745 Sco, and RS Oph; Bode et al. 2006; Das et al. 2006; Sokoloski
et al. 2006; Abdo et al. 2010; Munari et al. 2011; Chomiuk et al. 2012; Nelson et al. 2012;
Banerjee et al. 2014; Orio et al. 2015), or interactions between multiple flows from the
0This chapter is a reproduction of a paperthat has been published by Monthly Notices of the Royal
Astronomical Society (MNRAS). It can be found at http://mnras.oxfordjournals.org/content/460/3/
2687.full. The article has been reformatted for this section. The original abstract for this paper has been
moved to Chapter 7.
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Table 3.1 Observations of V5589 Sgr in the radio and sub-millimetre. All observations
were taken with the VLA, except those under program ID 2012A-S016, which were taken
with the SMA.
Date MJD Daya Epoch Program ID Configuration Bands Timeb
(min)
2012 Apr 23.4 56040.4 2.4 1 11B-170 C Ka 23.9
2012 May 22.0 56069.0 31.0 A 2012A-S016 SMA (compact) 225 GHz 60
2012 Jun 6.2 56084.4 46.4 2 12A-479 B C 12.0
2012 Jun 14.2 56092.2 54.2 3 12A-479 B Ka Ku X 19.5
2012 Jun 22.3 56100.3 62.3 4 12A-479 B X C S 30.4
2012 Jul 8.9 56117.9 79.9 B 2012A-S016 SMA (compact) 225 GHz 208
2012 Jul 11.1 56119.1 81.1 5 12A-479 B C L 32.4
2012 Jul 20.3 56128.3 90.3 6 12A-479 B Ka Ku X 19.1
2012 Aug 9.0 56148.0 110.0 7 12A-479 B X C L 30.4
2012 Aug 11.2 56150.2 112.2 8a 12A-479 B Ka Ku X 19.1
2012 Aug 12.3 56151.3 113.3 8b 12A-479 B X C L 29.9
2012 Aug 28.0 56167.0 129.0 9a S4322* B C L 17.7
2012 Aug 28.0 56167.0 129.0 9b 12A-479 B X C L 30.4
2012 Aug 28.1 56167.1 129.2 9c 12A-483 B C L 19.9
2012 Sep 4.2 56174.2 137.7 10 12A-483 B Ka Ku X 19.1
2012 Sep 7.9 56178.0 140.0 11 S4322* BnA C L 17.7
2012 Oct 31.0 56231.0 193.0 12 12A-479 A Ka Ku X 19.1
2012 Dec 9.8 56270.8 232.8 13 12A-479 A X C L 30.4
2012 Dec 23.6 56284.6 246.6 14 12A-479 A Ka Ku X 19.5
2013 Jan 5.7 56297.7 259.8 15 12A-479 A X C L 30.4
2013 Feb 24.7 56347.7 309.7 16 13A-461 D X C L 29.9
2013 Mar 7.6 56358.6 320.6 17a 13A-461 D Ka Ku X 19.5
2013 Mar 8.6 56359.6 321.6 17b 13A-461 D Ka Ku X 19.1
2013 May 29.4 56441.4 403.4 18a 13A-461 DnC-C X C L 29.9
2013 Jun 3.2 56446.2 408.2 18b 13A-461 DnC-C Ka Ku X 19.1
2013 Aug 22.2 56526.2 488.2 19 13A-461 C X C L 30.4
2013 Aug 26.2 56530.2 492.2 20 13A-461 C Ka Ku X 19.1
a Days after t0 = 2012 April 21.0 = MJD 56038.0
b Total time on source for all bands.
*P.I. C. C. Cheung.
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same eruption (eg., V959 Mon, T Pyx, V382 Vel; Mukai & Ishida 2001; Chomiuk et al.
2014; Nelson et al. 2014; Chomiuk et al. 2014b). Radio monitoring of novae, especially
when combined with observations at other frequencies, provides a powerful tool for
understanding the evolution of nova eruptions and examining shocks within the ejecta.
High radio brightness temperatures can reveal either non-thermal emission or shock-
heated plasma, as in the case of V1723 Aql (Krauss et al. 2011; Weston et al. 2014, 2016a).
Spatially resolved images of radio synchrotron emission in several novae have been used
to trace the location of relativistic particles that have been accelerated in shocks (eg.,
RS Oph, V959 Mon; O’Brien et al. 2006; Sokoloski et al. 2008; Rupen et al. 2008; Chomiuk
et al. 2014). We show in this paper that the 2012 nova V5589 Sgr is one of the most extreme
cases known of a nova that is not embedded in the wind of a red-giant companion having
shock-powered radio emission.
V5589 Sgr (Nova Sgr 2012, PNV J17452791-2305213) was discovered to be in outburst
on 2012 April 21.0 (MJD 56038.0; all calendar dates are UT) by Korotkiy et al. (2012). For
the rest of the paper, we take the peak of the optical light curve to be MJD 56039.45 (which
is roughly consistent with the peak in HI1-B light curve from the Solar Terrestrial Relations
Observatory, Korotkiy et al. 2012; Thompson 2012; Eyres, in preparation), and using data
from the Stony Brook / Small & Moderate Aperture Research Telescope System (SMARTS)
Atlas of (mostly) Southern Novae1 (Walter et al. 2012) and the American Association of
Variable Star Observers (AAVSO) (Kafka 2016), the time for the optical light to decrease
by two magnitudes was t2 = 6.2 ± 0.8 days, and the time to decrease by three magnitude
was t3 = 12.8 ± 1.5 days. We take the start of the eruption, t0, to be 2012 April 21.0 (MJD
1http://www.astro.sunysb.edu/fwalter/SMARTS/NovaAtlas/
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56038.0), near the beginning of the optical brightening.
V5589 Sgr was classified as a fast ‘hybrid’ nova, with Fe II emission on day 3 and
He/N features by day 8 (Esipov et al. 2012; Walter et al. 2012; Williams 2012). The rapidly
evolving, complex profiles of the emission lines in the optical spectra from SMARTS
reveal that the ejecta were most likely aspherical and that they consisted of multiple
flows. The half width at zero intensity (HWZI) of the dominant component in the Hα and
Hβ emission lines from the SMARTS spectra (Walter et al. 2012) during the first few days
of the eruption was vHWZI = 4000 km s−1 (see Figure 3.1). We refer to the outflow that
generated this emission component as the fast flow.
Mróz et al. (2015) determined an orbital period of P = 1.59230(5) days using data from
the OGLE survey, and suggest that the system likely contains a subgiant secondary and
a massive white dwarf. This is a relatively unusual part of nova-progenitor parameter
space, with only a few such systems known (Darnley et al. 2012). Mróz et al. (2015)
additionally observed eclipses in the quiescent optical light curve, indicating that the
inclination is close to 90◦ (Mróz et al. 2015). The early line profiles of V5589 Sgr have some
similarities to the recurrent nova U Sco – another eclipsing system which has a period
of ∼1.2 days, and may contain an early K subgiant secondary (see, e.g., Anupama et al.
2013).
On MJD 56038.9, Sokolovsky et al. (2012) spent 1500 s on source with Swift / X-ray
Telescope (XRT), finding no detectable X-rays and placing an upper limit on the 0.3-10 keV
flux of <0.02 XRT counts per second2; in UV, they found the source to have a magnitude of
2Their ATel actually quoted an upper limit of “>” 0.02 XRT counts per second, but we assume that the
“>” sign was a typo.
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M2 = 13.90± 0.05. V5589 Sgr is not a known Fermi/LAT γ-ray source: it is not in the 3FGL
catalogue (Acero et al. 2015), nor was it detected as a transient in a blind search (Cheung
2013).
In this paper, we describe how radio observations with the Karl G. Jansky Very Large
Array (VLA), X-ray observations with Swi f t/XRT, and optical spectra from SMARTS and
the Tillinghast Reflector Echelle Spectrograph (TRES) at the Fred L. Whipple Observatory
suggest that the radio emission from V5589 Sgr consisted of two components: weak
thermal emission from a rapidly expanding photoionized plasma, and a strong non-
thermal, shock-driven flare. We describe the observations in § 3.2 and our results, along
with a determination of the distance, in § 3.3. In § 3.4, we describe the evidence that the
radio flare was due to non-thermal emission from particles accelerated in shocks, and
discuss the relationship between V5589 Sgr and γ-ray bright novae such as V959 Mon.
Finally, in § 3.5 we summerise our conclusions.
3.2 Observations
The VLA observed V5589 Sgr beginning three days after initial discovery through the
16 months following with the WIDAR correlator at frequencies between 1 and 37 GHz. The
observations used 8-bit samplers with band widths of 2048 MHz in two tunable 1048 MHz
sub-bands at all frequencies except L-band, which had a bandwidth of 1024 MHz split
into two sub-bands. VLA observations of V5589 Sgr were alternated with a nearby phase
reference calibrator (J1751-2524 or J1755-2232). Each observation additionally included
the observation of a standard flux calibrator (3C 48 or 3C 286). VLA observations were
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Figure 3.1 Hα line profiles from selected SMARTS optical spectra of V5589 Sgr, colourized
to show days after t0= MJD 56038.0 (Walter et al. 2012). The spectra are normalized to the
6300-6400 Å continuum, and are minimally smoothed with a Fourier filter to minimize
high frequency noise. The rapidly evolving line profiles reveal that the ejecta likely had a
complex flow structure.
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Table 3.2 X-ray properties of V5589 Sgr. All uncertainties are 90 per cent confidence
intervals.
Date MJD Day Obs ID Count rate kT† kT err kT err
(counts per s) (keV) (-) (+)
2012 Apr 21.9 56038.91 0.91 00032442001 <0.01 ... ... ...
2012 Apr 25.7 56042.67 4.7 00032443001 <0.0021 ... ... ...
2012 Apr 26.1 56043.13 5.1 00032443002 <0.0078 ... ... ...
2012 May 10.5 56057.50 19.5 0032443003 0.045 ± 0.003 >32.7 ... ...
2012 May 17.7 56064.66 26.7 00032442002 0.083 ± 0.010 >5.2 ... ...
2012 May 25.6 56072.60 34.6 00032442004 0.091 ± 0.011 >3.5 ... ...
2012 May 28.6 56075.55 37.6 00032442005 0.055 ± 0.008 >3.1 ... ...
2012 May 31.6 56078.62 40.6 00032442006 0.074 ± 0.009 4.3 -1.9 +11.0
2012 Jun 6.9 56084.91 46.9 00032442007 0.077 ± 0.015 1.9 -0.9 +9.2
2012 Jun 10.1 56088.10 50.1 00032442008/9 0.038 ± 0.003 1.3 -0.1 +0.1
2012 Jun 12.8 56090.84 52.8 00032442010 0.061 ± 0.008 3.5 -1.4 +4.4
2012 Jun 23.5 56102.49 64.5 00032442011 0.061 ± 0.010 0.14 -0.05 +0.14
2012 Jun 28.3 56106.34 68.3 00032442012 0.071 ± 0.009 1.37 -0.38 +0.62
2012 Jul 8.1 56116.10 78.1 00032442013 0.043 ± 0.008 too few counts
2012 Jul 10.8 56118.84 80.8 00032442014 0.065 ± 0.010 too few counts
2012 Jul 14.8 56122.80 84.8 00032442015 0.034 ± 0.013 too few counts
2012 Aug 7.3 56146.25 108.3 00032442017 <0.011 ... ... ...
MJD Day EM†† EM err EM err N(H)† N(H) err N(H) err
(cm−3) (-) (+) (×1022cm−2) (-) (+)
56038.91 0.91 ... ... ... ... ... ...
56042.67 4.7 ... ... ... ... ... ...
56043.13 5.1 ... ... ... ... ... ...
56057.50 19.5 3.62×1056 -3.62×1055 +5.43×1055 0.43 -0.30 0.60
56064.66 26.7 5.43×1056 -1.27×1056 +1.99×1056 <0.68 ... ...
56072.60 34.6 6.15×1056 -2.71×1056 +1.63×1056 0.52 -0.09 1.04
56075.55 37.6 2.53×1056 -7.23×1055 +7.23×1055 <0.18 ... ...
56078.62 40.6 4.16×1056 -1.63×1056 +1.27×1056 0.32 -0.06 0.67
56084.91 46.9 3.26×1056 -1.63×1056 +1.09×1056 <1.19 ... ...
56088.10 50.1 2.53×1056 -5.43×1055 +5.43×1055 0.36 -0.23 0.55
56090.84 52.8 2.53×1056 -7.23×1055 +3.63×1055 9.5×10−2 -0.009 0.22
56102.49 64.5 < 1.85 × 1060 ... ... 0.51 -0.31 0.75
56106.34 68.3 1.45×1056 -9.04×1055 +7.23×1055 0.42 -0.39 0.64
† Values of kT and the column density, N(H), are from model fits using the
tbabs*apecmodel in Xspec.
††We used a distance of 4 kpc in calculations of the emission measure, EM.
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reduced either using Astronomical Image Processing System (AIPS) and following the
standard procedures, or with the Common Astronomical Processing System (CASA) v4.2.2
(McMullin et al. 2007), using the VLA calibration pipeline v1.3.1. For imaging, we used
the CLEAN algorithm (Högbom 1974) with Briggs robust weighting of 0.5. Based on the
distance and size of the source, as well as the timing of our observations, we did not expect
to resolve the ejecta from V5589 Sgr, and this proved to be the case. For all detections, we
determined flux densities by fitting the source with a gaussian using the imfit task in CASA
or the JMFIT task in AIPS. For non-detections, we either used our usual imaging routines
to determine the RMS and flux density at the target location, or we used difmap (Shepherd
1997) to find the flux density at the target location and the off-source RMS. We estimated
uncertainties in flux density by adding the error from the gaussian fits in quadrature with
estimated systematic errors of 5 per cent below 19 GHz and 10 per cent above, with 1σ
error bars from error propagation thereafter. For all non-detections we quote upper limits
as 2×RMS. Table 3.1 lists the VLA observations. To determine the spectral index α (where
Sν ∝ να and Sν is the flux density at frequency ν) of the emission at each epoch, we used
IDL’s linfit function to fit the data with a power-law model in log space.
Additionally, we obtained two observations at 225 GHz on the Submillimeter Array
(SMA) under program 2012A-S016. Observations with the SMA were both obtained in
compact configuration, with 60 minutes and 21 baselines on MJD 56069.0 (day 31.0) and
208 minutes and 15 baselines on MJD 56117.9 (day 79.9). These data were reduced using
standard routines in IDL and Miriad.
We also monitored the V5589 Sgr outburst using the XRT instrument onboard the
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Swift satellite, which resulted in a series of 17 observations carried out over 15 weeks. An
additional follow-up observation was obtained on 2014 April 21. All observations were
carried out in the XRT’s photon counting (PC) mode, and had durations ranging from 300
to 6300 s (see Table 3.2). We extracted spectra following the usual reduction prescription
for XRT data – counts were extracted from a circular region with a radius of 5′′centred on
the source using Select v.2.4c. Background counts were extracted from a larger circular
region (radius 155′′) away from the source. Ancillary response files were produced using
the xrtmkarf tool, correcting for the profile of the psf. Finally, we used the latest response
matrix file from the Swift calibration database (swxpc0to12s6 20110101v014. rmf). In
observations where V5589 Sgr was not detected, we utilised the Bayesian method outlined
in Kraft et al. (1991) to calculate upper limits on the count rate.
We obtained optical spectra of V5589 Sgr using the Tillinghast Reflector Echelle
Spectrograph (TRES) on the 60-inch reflector at the Fred L. Whipple Observatory on MJD
56046.0 (day 8) and MJD 56057.0 (day 19). We reduced the data using the standard
reduction procedure (Mink 2011).
3.3 Results
3.3.1 Optical emission and estimate of distance
To obtain a first estimate of the distance to V5589 Sgr, we used optical spectroscopy
guided by the typical peak optical brightness of novae. From the TRES spectra, we derived
a reddening value by measuring the equivalent width of diffuse interstellar band (DIB)
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Table 3.3 Radio flux densities for V5589 Sgr from the VLA. Quoted uncertainties consist
of RMS and systematic errors added in quadrature. For non-detections, we quote upper
limits of 2 × RMS. Day number reflects the number of days after t0 = MJD 56038.0.
Epoch Day Observed flux density (mJy)
1.4 GHz 1.8 GHz 4.7 GHz 7.6 GHz 8.5 GHz 11.4 GHz
(L band) (L band) (C band) (C band) (X band) (X band)
2 46.4 ... ... 1.09 ± 0.06a 1.38 ± 0.07b ... ...
4 62.3 3.09±0.16c 3.20±0.16 d 3.42±0.17 a 3.63±0.18b 3.68±0.19 3.78±0.20
5 81.1 1.68±0.15 1.39±0.10 1.91±0.10 1.92±0.10 ... ...
7 110.0 0.34±0.07 0.56±0.08 0.52±0.04 0.53 ±0.04 0.56±0.04 0.57±0.07
8b 113.3 <0.18 0.50±0.09 0.50±0.04 0.47±0.03 0.44±0.03 0.42±0.04
9a 129.0 0.24±0.05 0.43±0.05 ... ... ... ...
9b 129.0 <0.15 ... 0.35±0.03 0.29±0.02 0.29±0.02 0.37±0.04
9c 129.2 <0.17 0.35±0.09 0.28±0.04 0.29±0.03 ... ...
11 140.0 0.23±0.05 0.20±0.04 ... ... ... ...
13 232.8 <0.17 <0.17 <0.04 <0.03 <0.04 <0.06
15 259.7 <0.20 <0.14 <0.07 <0.05 <0.04 <0.05
16 309.7 <1.01 <0.74 <0.23 <0.32 <0.40 <0.60
18a 403.4 <0.79 <0.65 <0.07 <0.04 <0.04 <0.04
19 488.2 <0.55 <0.34 <0.06 <0.04 <0.04 <0.05
Epoch Day Observed flux density (mJy)
13.3 GHz 17.5 GHz 27.5 GHz 36.5 GHz
(Ku band) (Ku band) (Ka band) (Ka band)
1 2.4 ... ... ... <0.05e
3 54.2 3.52±0.18 3.98±0.20 5.73±0.58 5.96±0.61
6 90.3 ... 1.37±0.11 1.44±0.20 1.14±0.22
8a 112.2 0.50±0.05 0.38±0.05 0.47±0.09 0.39±0.09
10 136.2 0.19±0.02 0.11±0.03 0.11±0.03 0.37±0.14
12 193.0 <0.05 <0.05 <0.09 <0.10
14 248.1 <0.04 <0.05 <0.10 <0.14
17a 320.5 <0.05 <0.05 <0.10 <0.12
17b 321.6 <0.05 <0.06 <0.13 <0.17
18b 408.2 <0.05 <0.06 <0.15 <0.19
20 492.2 <0.06 <0.11 <0.02 <0.22
a Observed at 5.0 GHz on this date
b Observed at 6.8 GHz on this date
d Observed at 2.5 GHz (S-band) on this date
e Observed at 3.5 GHz (S-band) on this date
a Observed at 33 GHz on this date
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Figure 3.2 Diffuse Interstellar Band (DIB) features from the TRES spectra of V5589 Sgr,
which furnished constraints on reddening value and distance.



































































Figure 3.3 Relationship between the distance modulus and the peak absolute visual mag-
nitude (MV) of V5589 Sgr, using reddening derived from DIB features shown in Figure 3.2
(Finzell et al. 2015; Green et al. 2015). The horizontal dashed lines show the expected
range of MV of between -9.0 and -7.0 mag, and the vertical lines show the corresponding
distance moduli of between 12.5 and 14.5.
features and using the calibration technique of Friedman et al. (2011), a method which
is independent of any assumptions about the properties of the nova. Using four DIB
features (5780 Å, 5796 Å, 6195 Å, and 6613 Å, see Figure 3.2), we obtained a reddening of
E(B−V) = 0.8±0.19 (see Finzell et al. 2015, for details of this technique; we were unable to
use the Na I D lines at 5889.9 Å and 5895.9 Å due to saturation, or the K I line at 7698.9 Å,
which fell into a chip gap in the CCD). This reddening value, in conjunction with the 3D
reddening map of Green et al. (2015), suggests a distance of 3.6+1.0
−2.4 kpc. However, taking
into account the uncertainties on the reddening of V5589 Sgr and in the reddening map,
the most likely distance modulus is 12.9 ± 1.4. This value corresponds to a distance of
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∼ 3.8 kpc.
The peak optical brightness of V5589 Sgr is consistent with a distance of around 4 kpc.
The distance and the extinction, AV, are strongly coupled. Taking the peak apparent V
magnitude to be 8.8 (Korotkiy et al. 2012), extinction given by AV = 3.1 × E(B − V), and
therefore peak absolute magnitude of MV = 8.8 − AV − DM, we find MV as a function
of distance modulus (see Figure 3.3). Despite a limiting magnitude of MR ∼ −4.4, the
faintest nova in the Cao et al. (2012) Palomar Transient factory list of M31 novae had
an MV of −6.5, with the vast majority between MV = −7.0 and MV = −9.0. Therefore,
even if we assume that V5589 Sgr was a relatively faint nova with MV = −7.0, we can
eliminate the lowest part of the distance modulus range that is formally allowed by the
3D reddening map. Taking the distance constraints from both reddening and peak optical
brightness into consideration, it is unlikely that V5589 Sgr is closer than 3.2 kpc (a distance
modulus of 12.5), at which MV = −6.2. We therefore take the distance of the source to be
approximately 4 kpc (or within the range 3.2 to 4.6 kpc).
3.3.2 Radio emission
A month after an early radio non-detection on day 2.4, V5589 Sgr brightened exceptionally
quickly at low frequencies to a peak approximately 2 months after the start of the eruption
(see Figure 3.4). Although we were not able to obtain low-frequency (L and C-band)
observations between days 2.4 and 46.2, the flux rose as t3.9±0.1 at 5.0 GHz and as t3.3±0.1 at
6.8 GHz between days 46.4 and 62.3 (where t is the time from t0, again using MJD 56038.0 as
t0). The speed of the low-frequency radio brightening is noteworthy because the strength
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Figure 3.4 Radio flux densities for V5589 Sgr taken with the VLA. Error bars are as reported
in Table 3.3, but may be too small to be visible. Upper limits are 2×RMS on non-detections.
These data are also shown in Figure 3.6.
of thermal emission from a source with constant temperature is proportional to the size of
the source on the sky; for a freely expanding source, the size cannot increase faster than t2.
The VLA did not obtain observations at high frequencies during the rapid, low-frequency
brightening. The flux densities reached global maxima in Ku-band (13.3/17.5 GHz) and
Ka-band (27.5/36.6 GHz) on day 54.2. L-band (1.2/1.8 GHz), C-band (4.7/7.6 GHz), and X-
band (8.5/11.2 GHz) experienced their peak flux densities on day 62.3. Observations with
the SMA at 225 GHz revealed a flux density of 13.80±2.43 mJy on day 31.0 and an upper
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limit of 0.14 mJy on day 79.9. After these epochs, the flux densities fell monotonically at
all frequencies (see Figure 3.4 and Table 3.3). The flux fell as t−3.2±0.2 at 1.2 GHz between
days 62.3 and 140.0 and as t−3.0±0.5 at 36.5 GHz between days 54.2 and 136.2. After day
140.0, all observations resulted in non-detections.
Because the low-frequency emission strengthened so quickly, the radio spectrum
flattened as the source brightened (see Figure 3.5). The radio spectrum initially rose
towards high frequencies with a spectral index of α = 0.77±0.25 between 5.0 and 6.8 GHz
on day 46.2. On day 54.2, the spectrum had flattened to α = 0.55 ± 0.10 between 13.0
and 36.5 GHz. And by day 62.3, it had flattened further to α = 0.14 ± 0.04 between
2.5 and 11.4 GHz. Thereafter, it remained roughly flat or falling with frequency for all
subsequent observations (see Figure 3.5). A freely expanding isothermal remnant (as in
the so-called Hubble-flow model) is expected to remain completely optically thick during the
initial period of radio brightening, producing the characteristic steeply rising spectrum of
a blackbody in the Rayleigh-Jeans limit (e.g., Seaquist & Palimaka 1977; Hjellming et al.
1979; Bode & Evans 2008). Indeed, radio emission from novae during the early stages of
expansion of the remnant often has a spectral index α > 1 (e.g., 1.5 at low frequencies for
V705 Cas, 1.6 for V339 Del; Eyres et al. 2000; Chomiuk et al. 2013). The spectral index of
emission from such a freely expanding, thermal remnant then flattens – first at the highest
and then at lower frequencies – to α = −0.1 as the ejecta become optically thin (Bode &
Evans 2008). The flattening of the radio spectrum from V5589 Sgr as the radio flux rose is
thus one of the first hints that the radio emission was not all thermal.
Moreover, the VLA observations uncovered possible signs of linear polarization, as
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would be expected from non-thermal, synchrotron emission. While we did not observe
a polarization calibrator during the peak of the flux density, there was a standard VLA
polarization TPOL observation several days prior to our observation at similar, though
not identical, frequencies in Ku-band. Using this dataset and our observation of 3C286, we
were able to perform rough polarization calibrations for Ku and Ka-bands, albeit with large
margins of uncertainty. On day 54.2, we found upper limits to polarization in Ka-band of
<0.116 mJy (< 2.0 per cent) at 27.5 GHz, and <0.122 mJy (< 2.0 per cent) at 36.5 GHz. In
Ku-band, we found a possible ∼0.2 mJy (5 per cent) of linearly polarized flux. While this
detection is of a similar order to our uncertainty at Ku-band if we include our systematic
error factor, it could hint at the presence of synchrotron emission.
To investigate the surprising radio spectral evolution and fast rise, we tested whether
any of the radio emission could be described by a ‘Hubble-flow’ type ejection (see, e.g.,
Seaquist & Palimaka 1977; Hjellming et al. 1979; Weston et al. 2016a) with velocity propor-
tional to the distance from the source, r, between vmin and vHWZI and a r−2 density profile.
We take any Hubble-flow to have begun around t0. Although a linear extrapolation of
the optical light curve backward in time suggests that the thermonuclear runaway could
have occurred a day or two before our chosen t0, the VLA observations support a start of
the fast, 4,000 km s−1 flow on or after t0; if the fast flow started before t0 and remained very
optically thick at all radio frequencies for at least a few days, the flux density at 33 GHz
would have been















where T is the temperature of the ejecta. The first VLA observation, however, produced
a non-detection at 33 GHz, with a 3σ upper limit of 0.08 mJy on day 2.4 (MJD 56040.4),
suggesting that the fast flow did not start before t0. Because the 4,000 km s−1 flow was
clearly evident in optical spectra on day 2.0 (Buil 2012) and day 2.4 (Walter et al. 2012), it
must therefore have started between t0 (day 0) and day 2.
Moving forward with the test of the Hubble-flow model, we fit the data at all fre-
quencies simultaneously to minimize the χ2 value, weighted by total measurement and
systematic errors. To obtain our fit, we fixed the distance to 4 kpc, the maximum ejecta
velocity to vHWZI = 4000 km s−1, and the ejection time to t0 = 56038.0 MJD, allowing
the temperature T, the mass ejected Mej, and the ratio between minimum and maxi-
mum velocity, ζ, to vary. The best-fit parameters for these values were T = 1.2 × 104 K,
Mej = 2.6 × 10−5 M, and ζ≡
vmin
vHWZI
= 0.84. The fit appears roughly consistent with the data
during the decline portion of the radio light curve, after approximately day 100 (see Fig-
ure 3.6, top panel). At the lowest frequencies, however, the data deviate strongly from the
model (see Figure 3.6, middle panel), with observed flux density an order of magnitude
greater than the model around the radio peak. The χ2r of 387 indicates that the overall fit
is unacceptable. We refer to the emission that dominated at low frequencies before day
100, and that deviated strongly from the Hubble-flow expectations, as the radio flare. Both
the radio flare and the radio emission from the photoionized flow peaked around day 60.
A comparison among the brightness temperatures for the Hubble-flow model and
for our observations reveals the character of the deviation from the Hubble-flow model.






where D is the distance to the source, c is the speed of light, kb is Boltzmann’s constant,
and vej is the velocity of the ejecta (e.g., Bode & Evans 2008). This approximation assumes
a spherical geometry for the nova shell; however, it remains a useful measure even for
non-spherical geometries (see discussion in section 3.4.2). Brightness temperature acts
as a measure of surface brightness, giving a lower limit to the physical temperature of
thermally emitting material. For freely expanding spherical ejecta with T = 1.2× 104 K, Tb
would remain at the physical temperature of the ejecta while they were optical thick, and
then drop as the ejecta became optically thin (as shown by the dashed lines in Figure 3.6
bottom panel). In contrast to expectations for freely expanding ejecta with a constant
temperature, the brightness temperature rose dramatically to a peak above Tb ≈ 105 K at
low frequencies 60 to 80 days after the start of the eruption (see Figure 3.6 bottom panel).
At high frequencies and after about day 100, the Hubble-flow model appears consistent
the data.
3.3.3 X-ray emission
The X-ray spectra obtained through day 53 are reasonably well described by an ab-
sorbed thermal plasma model (tbabs*apec in Xspec), with a temperature that decreased
over time. To determine parameters associated with the X-ray emission, we modelled each
spectrum in Xspec v.12.8.2, obtaining only limits on parameters for many of the observa-
tions due to the small number of detected counts. We fixed the elemental abundances of
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the plasma to the solar values of Wilms et al. (2000), which is likely an over-simplification,
as most novae are observed to have highly non-solar abundances. The absorbing col-
umn constraints in all observations are consistent with absorption due to the interstellar
medium only – we find no evidence of the highly absorbed X-ray emission found in other
novae at early times (e.g., V382 Vel; Mukai & Ishida 2001). Based on the fits to the longer
observations on days 19 and 49/50, we see clear evidence for a large drop in the plasma
temperature, from >33 keV to 1.3 ± 0.1 keV.
Starting with the day 64.5 spectrum, we find a rise in counts at energies lower than
1.0 keV, consistent with the appearance of a supersoft source at that time. Fits to these
spectra with a single absorbed-thermal plasma are poor, and also result in much larger
values of N(H) than observed in earlier spectra. It is likely that this rise in soft flux
is due to the emergence of the supersoft emission from the still-burning white dwarf
photosphere. Adding a blackbody component to the model does improve the fit, but
the low number of counts mean that the parameters are unconstrained in most of the
observations. In the observation on day 68, sufficient counts were obtained to result in
a constrained model fit, with best fitting blackbody temperature of 50 (+36,-18) eV. The
normalization of the blackbody (0.0065 +0.06, -0.004) implies a luminosity in the range 3 x
1035 to 1037 erg s−1, typical of emission-line dominated supersoft sources (Ness et al. 2013).
Given our estimate of the ejecta mass from fits to the thermal component of the radio
emission, and the velocity of the ejecta (from optical line profiles), it is reasonable that the
ejecta became diffuse enough to reveal the supersoft X-ray emission from the surface of
the WD at around day 60.
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Figure 3.5 Spectra of V5589 Sgr between day 46.2 and 140.0 after ejection, with linear
spectral fitting for spectral index α at each epoch and 1σ error.
3.4 Discussion and Interpretation
3.4.1 Evidence for non-thermal emission
The strongest radio emission from V5589 Sgr at low frequencies – which we term
the radio flare – does not appear to have been produced by unshocked, isothermal ejecta.
The properties of the radio-flare emission deviate strongly from the Hubble-flow model,
which was proposed to reproduce the behaviour of unshocked ejecta (Seaquist & Palimaka
1977; Hjellming et al. 1979). In addition, the maximum Tb for V5589 Sgr, which occurred
during the radio flare, was higher than expected for a photoionized outflow (Cunningham
et al. 2015). For the high radio flux densities at low frequencies on days 62 and 81 (MJD
56100.3 and 56119.1) to have been thermal, the emitting material would have required an
electron temperature well in excess of the brightness temperature Tb ∼ 105 K (as measured
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Figure 3.6 Radio flux densities and brightness temperatures for V5589 Sgr through day
300. Top: Flux density at high frequencies (7.45-255.3 GHz). Middle: Flux density at low
frequencies (1.35-4.74 GHz). Low: Brightness temperature at all frequencies. Although
the radio emission after day 100 is roughly consistent with expectations from a freely
expanding 104 K remnant, the high brightness temperatures and poor model fits at low
frequencies before this time show that an additional source of radio emission was present
before day 100. We argue in the text that this radio flare was due to synchrotron emission
from particles accelerated in shocks. The model fits (dashed lines) are for a Hubble
Flow model with D = 4 kpc, vHWZI = 4000 km s−1, T= 1.2 × 104 K, Mej = 2.6 × 10−5 M,
ζ≡ vminvHWZI = 0.84, and ejection at t0 = 56038.0 MJD. All observations after day 140.0 were
non-detections.
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at 2.5 GHz on day 62 and at 1.35 GHz on day 81). Ejecta with T ≈ 105 K could in
principle have produced the emission if the ejecta were optically thick (such that the radio
photosphere closely traced the outermost edge of the ejecta) at low frequencies. However,
the very flat radio spectra – α = 0.14±0.04 on day 62.3 and α = 0.16±0.04 on day 81.1 – are
inconsistent with optically thick thermal emission. Therefore, if the radio-flare emission
was thermal, the emitting material most likely had a physical temperature significantly
greater than 105 K. Unshocked ejecta, however, are typically observed to have T ∼ 104 K
(Seaquist & Palimaka 1977; Hjellming et al. 1979; Nelson et al. 2014; Weston et al. 2016a).
Moreover, Cunningham et al. (2015) argued on theoretical grounds that photoionziation
heating of ejecta by the residual burning of nuclear fuel in a shell on the surface of the
WD leads to temperatures of at most a few times 104 K, even for photoionization by hot,
luminous high-mass WDs (T. Cunningham, private communication; see also Table 2 of
Cunningham et al. 2015). Given that the temperature of any thermally emitting material
would have had to have been at least order of magnitude greater than expected for
photoionized ejecta (for a distance of 4 kpc), we conclude that photoionized flows were
insufficient to generate the radio flare.
The strength, spectrum, and rapid rise of the radio flare from V5589 Sgr instead imply
that it was produced by shocks. Shocks can both heat ejecta to temperatures of around
106 K and accelerate particles that subsequently produce synchrotron emission, as in the
γ-ray bright classical nova V959 Mon (Chomiuk et al. 2014), the early radio flare from
classical-nova V1723 Aql (Weston et al. 2016a), and as is well established in supernovae
(e.g., Chevalier 1982; Weiler et al. 2002; Chandra et al. 2015). In V5589 Sgr, the X-ray
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emission from plasma with T > 106 K that Swi f t/XRT detected between days 19 and 68
(see Table 3.2) confirms that colliding flows generated shocks in V5589 Sgr.
Comparing the radio and X-ray fluxes approximately two months after the start of the
outburst, however, shows that shocks probably did not heat enough material to explain
the radio flare as bremsstrahlung from hot gas. In particular, the emission measure of the
X-ray emitting gas (EMx =
∫
n2e dV, where ne is the electron density and V is the emitting
volume) was several orders of magnitude too small for the hot (T > 106 K) plasma to
have produced the observed radio emission between day 60 and day 80, independent
of distance. Although EMx on day 65 was quite uncertain due to the short duration of
the Swi f t/XRT observation on that day, it had remained approximately constant between





cm−3. Given the continuous expansion of
the remnant, and presumed subsequent gradual decrease in density of shocked material,
EMx is unlikely to have suddenly increased between day 53 and 65. In contrast, an X-ray





cm−3 would have been needed to explain
the radio brightness (assuming that the hot gas was situated in a thin enough shell to
justify having an approximately constant density profile). The amount of T > 106 K gas
was therefore too small to explain the radio flare by more than three orders of magnitude.
This finding is independent of the distance to V5589 Sgr. Moreover, although the peak
radio brightness temperature could in principle have been generated by 10−5 M of warm
(105 K) gas, the SMARTS optical spectra do not provide any evidence for such a large
quantity of warm gas. In addition, that EMx stayed roughly constant (even while the
density was almost certainly dropping) shows that large quantities of shock-heated gas
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were not being cooled out of the X-ray regime to T ∼ 105 K. It is therefore difficult to
reconcile the radio flare with bremsstrahlung from shock-heated hot plasma.
With not enough warm (T ∼ 105 K) or hot (T ∼ 106 K) gas to produce the observed peak
radio flux, we propose that non-thermal, synchrotron emission from particles accelerated
in shocks dominated the radio flare. One concern about this proposal is that the radio
emission near the peak of the radio flare did not have the spectral index of α = −0.7
typically associated with synchrotron emission (Chevalier 1982; Weiler et al. 2002). Weston
et al. (2016a) encountered this same issue when interpreting the early-time flare from the
V1723 Aql. They argued that the radio spectrum near the peak of the flare in that source
could have been affected by free-free absorption. Given that we expect plenty of T ∼ 104 K
gas to be present in the ejecta, and that we expect shocks themselves to photoionize
upstream material (Metzger et al. 2014), it is plausible that free-free absorption could also
be affecting the radio spectrum near the peak of the flare in V5589 Sgr. Because the hot,
X-ray emitting gas was insufficient to produce the radio flare and free-free absorption
is plausible, we consider synchrotron emission to be the most likely explanation for the
radio flare despite the slightly rising radio spectrum.
The rapid radio brightening, or flare, between days 46.2 and 62.3 also provides
evidence for shocks as the origin of the strongest low-frequency radio emission from
V5589 Sgr. At both 5.0 and 6.8 GHz, the radio flux densities increased much faster than
possible for a freely expanding, T ∼ 104 K (i.e., photoionized) remnant ejected at the start
of the eruption. Whereas a freely expanding, constant-temperature flow can produce
radio flux densities that increase as fast as t2 (for an optically thick spherical outflow), the
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5.0-GHz flux density rose as t3.9, even while the radio spectra showed that the emitting
material were not optically thick. For the radio flare to have been due to freely expanding
ejecta with T ∼ 104 K, the emitting material would have had to have been ejected not at
the start of the eruption, but more than 26 days after t0. Neither the optical spectra (Walter
et al. 2012) nor the optical light curve (Mróz et al. 2015), however, show evidence for a
strong new outflow a month into the eruption. Furthermore, the contrast between the
fairly constant X-ray emission measure, EMx, and the rapidly rising radio flux between
46.2 and 62.3 days after the start of the eruption further supports our contention that the
radio flare was not thermal emission from shock-heated gas. Like our analysis of the
emission measure, this result is also independent of distance. The appearance of a new
source of radio emission on the order of months after the start of the eruption was more
consistent with the synchrotron knots tracing shocks in V959 Mon, at least one of which
was still brightening months after the detection of γ-rays (Chomiuk et al. 2014). In the
speed of its radio brightening, the radio flare from V5589 Sgr was very similar to the
shock-powered early flare in V1723 Aql (Weston et al. 2016a).
3.4.2 Connection to γ-ray producing novae
The similar viewing angles of V5589 Sgr and the γ-ray bright novae V959 Mon enable
us to speculate about the velocity and structure of the colliding flows from V5589 Sgr.
Because light curves of both V959 Mon and V5589 Sgr show eclipses (Page et al. 2013;
Mróz et al. 2015), both binaries have inclinations that are close to 90◦, so that the orbital
planes are observed nearly edge on. In V959 Mon, this viewing angle led to a horn-shaped
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component in optical emission line profiles (e.g., see Fig. 4 of Ribeiro et al. 2013) – from
what radio and HST observations revealed to be a slow, dense inner flow (Chomiuk et al.
2014; Sokoloski et al. in preparation). This slow flow in V959 Mon consisted of a spherical
shell-like structure with a strong equatorial density enhancement (Chomiuk et al. 2014;
Sokoloski et al. in preparation). Because the optical emission lines in SMARTS spectra of
V5589 Sgr contain a similar horn-shaped component, with peaks near Doppler shifts of
approximately ±1, 800 km s−1 (e.g., in Hα on MJD 56048.4, 56101.0, and 56103.0, and in
OIII on MJD 56057.1; Walter et al. 2012, see Figure 3.1), we hypothesize that the remnant
around V5589 Sgr also included an inner shell-like structure expanding at a speed of
around 1, 800 km s−1, with a strong equatorial density enhancement3. In V959 Mon, the
slow equatorial torus collimated a faster flow into a bi-conical shape(Ribeiro et al. 2013;
Shore et al. 2013; Chomiuk et al. 2014; Sokoloski et al. in preparation), which produced
‘shoulders’ in the optical line profiles that were similar to the shoulders out to radial
velocities of ±4, 000 km s−1 in V5589 Sgr.
In V959 Mon, projection effects caused the shoulders in the optical emission lines to
have velocity widths that were less than the the maximum speed of the bi-conical fast flow.
For V5589 Sgr, the high temperature of the X-ray emitting plasma on day 19 (T > 3×108 K)
reveals that the difference between the speeds of the fast and slow flows was at least
initially greater than 3,800 km s−1 (using the expression Tps = 316
µmp
kB
v2s for the post-shock
temperature, and assuming that the shock speed was 43 times the difference between the
3If such an inner, slow structure with an equatorial density enhancement is common in novae, that could
explain the narrow cores in the optical emission lines of some novae that are viewed more pole on, such as
V339 Del (Schaefer et al. 2014). In those systems, the face-on equatorial torus would generate an emission
component with very low radial velocities.
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speeds of the fast and slow flows). The fast flow thus probably had a maximum velocity
of more than 5,000 km s−1. In fact, faint extended Hα wings in the early spectra from
SMARTS, as well as spectroscopy in the first few days of eruption from the Crimean
Laboratory, Moscow State University (Esipov et al. 2012) support the existence of flows
with speeds in excess of 4,000 km s−1. That the core of the optical emission lines only
extended out to 4,000 km s−1 is thus consistent with a bi-conical outflow, as in V959 Mon.
The optical, radio, and X-ray observations are therefore consistent with V5589 Sgr having
a similar ring+bipolar structure as V959 Mon.
Our previous arguments regarding the origin of the radio flare remain valid under
this slightly refined picture of the structure of the V5589 Sgr remnant. For example, in our
calculation of the brightness temperature in equation 3.2, the maximum outflow velocity
of the ejecta is probably actually greater than 4, 000 km s−1. However, the area of the
bi-conical remnant on the sky is smaller than in the case of the spherical remnant (as long
as the half-opening angles for the cones are wider than 45◦), making the value of Tb even
higher than in the spherical case. Thus, the radio flare is still more consistent with being
shock powered than being bremsstrahlung from unshocked, photoionized ejecta.
A torus of relatively slow-moving material in the equatorial plane may originate in
one of several ways. As suggested by Chomiuk et al. (2014) for V959 Mon, the development
of a dense toroidal outflow is consistent with hydrodynamic simulations of how the binary
companion might influence the behaviour of nova ejecta (Livio et al. 1990; Lloyd et al. 1997;
Chomiuk et al. 2014). Therefore, interactions between the companion and the common
envelope may lead to a more dense concentration of material in the orbital plane of the
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binary. Alternatively, there may be a pre-existing circumbinary material stemming from
ejections of material from the accretion disk (e.g., Sytov et al. 2007). Rings also may form
in the nebulae of post-main sequence rotating stars from Eddington-luminosity driven
outflow, due to the interaction of stellar winds (e.g., Chita et al. 2008). Although the mass
in the accretion disk could be significant for very wide binaries with red-giant donors, it
is not likely to be high enough in V5589 Sgr to generate an equatorial torus with mass
comparable to that of the rest of the ejecta. No matter what their origin, equatorial density
enhancements in the remnants of novae provide important constraints on either the mass
transfer before the eruption or the ejection mechanism for the nova.
The radio emission from V5589 Sgr was probably dominated by a shock-powered
flare rather than the more usual case of bremsstrahlung from the T ∼ 104 K photoionized
remnant because of the high speed and relatively low mass of the ejecta. The 2010
eruption of V1723 Aql first produced a shock-powered radio flare and then a period of
strong thermal radio emission from a T ∼ 104 K expanding remnant with a mass of 2×10−4
M and maximum velocity of 1500 km s−1; both the flare and the later peak in the radio
light curve reached approximately the same brightness level (Weston et al. 2016a). But
the expected peak radio brightness from photoionized ejecta is a strong function of the
ejecta mass and the speed of the outflow (Bode & Evans 2008), both in the sense that
would diminish the expected radio emission from photoionized ejecta in V5589 Sgr. If the
strength of shock-powered synchrotron emission is less sensitive to these parameters, or
enhanced in a high-speed shock, then the shock-powered flare could become the dominant
element of the radio light curve.
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Interestingly, despite the importance of shocks and possibly even relativistic particles
in generating its radio emission, V5589 Sgr was less bright in γ-rays than several other
classical novae at similar distances. Since the Fermi/LAT sensitivity for the location of
V5589 Sgr (l = 5.0, b = +3.1) is comparable to that for V1324 Sco (l=357.4, b=-2.9), the daily
GeV flux of V5589 Sgr almost certainly stayed below 5 × 10−7 photons cm−2 s−1, which is
below the level seen in V1324 Sco and V959 Mon (Ackermann et al. 2014). It remains to be
seen how the upper limit on the γ-ray flux from V5589 Sgr compares with the detections
of the four later Fermi-detected novae, all of which were observed in pointed mode
with fluxes as faint as 2–3×10−7 photons cm−2 s−1. When the distances of 1.4± 0.04 kpc for
V959 Mon (Linford et al. 2015),> 6.5 kpc for V1324 Sco (Finzell et al. 2015), and 4.5±0.6 kpc
for V339 Del (Schaefer et al. 2014) are taken into account, V5589 Sgr appears to have been
less luminous in the γ-rays than at least V1324 Sco and V339 Del. Since V339 Del is thought
to have a low inclination and therefore to be viewed pole on (Schaefer et al. 2014), viewing
angle could play a role in setting the γ-ray luminosity. Alternatively, whereas Metzger
et al. (2015) argued that most relativistic protons in V1324 Sco and V339 Del were trapped
and collided with proton targets to produce γ-rays, the low X-ray absorbing column for
V5589 Sgr suggests that the ejecta mass might have been too low and/or the expansion
speeds too high for this to have been the case for V5589 Sgr.
The presence of high energy shocks and γ-rays from novae is still an active area
of research with many complexities and open questions. Shocks themselves may be
apparently absent in systems where expected to appear, such as in the symbiotic Nova
Sco 2014 (Joshi et al. 2015). The speed of the shocks and the angle at which the shocks are
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viewed may play a large part in determining whether γ-rays are detected in nearby novae
(Metzger et al. 2015; Dmitrievich Vlasov et al. 2016). If this were the case, it could explain
systems such as the clearly shock-powered yet γ-ray faint V5589 Sgr.
Strengthening the connection between V5589 Sgr and classical novae that have been
detected in the γ-rays, V5589 Sgr is not the only nova to show a notable excess of radio
flux at lower frequencies. The 1.75 GHz flux density from Fermi-detected nova V959 Mon
peaked around 170 days after the start of that eruption, counter to expectations based
on models of expanding thermal ejecta. This excess is pictured in Chomiuk et al. 2014
(Extended Data Figure 4); while none of the light curves at frequencies spanning 7.4–225
GHz are very well fit by a simple Hubble flow model, by far the most divergent is the
lowest frequency light curve, which shows a peak flux density of 11.2 mJy at 1.75 GHz,
when a peak of just ∼4.5 mJy is predicted by the Hubble flow model. As in the case of
V5589 Sgr, this lower-frequency radio peak in V959 Mon occurred around the same time as
the maxima at higher frequencies (∼30 GHz). High-resolution VLBI images of V959 Mon
confirm the presence of synchrotron-emitting shocks in that nova. So it is likely that the
radio spectral evolution of both V959 Mon and V5589 Sgr can be explained by the same
type of model.
3.5 Conclusions
Despite not being detected in the γ-rays, V5589 Sgr adds to the growing body of
evidence that shocks play an important role in normal novae, and that these shocks can
accelerate particles to relativistic speeds. In particular,
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• The low-frequency radio emission from V5589 Sgr during its 2012 eruption was
dominated by a flare that appears to have been too strong to have been due to
bremsstrahlung from photoionized ejecta. The speed with which the radio flare ap-
peared and its radio spectral evolution, are inconsistent with expectations for freely
expanding, photoionized ejecta. We conclude that the radio flare from V5589 Sgr
was powered by shocks.
• Hard (kT > 1 keV) X-ray emission confirms that shocks were present, but that they
did not heat enough plasma for the radio flare two months after the start of the
eruption to have been due to thermal bremsstrahlung from hot, T > 106 K shock-
heated gas.
• Synchrotron emission from relativistic particles accelerated in shockshe most natural
alternative mechanism for the radio flare.
• V5589 Sgr is one of the best examples of shock-powered radio emission from a nova
without a red-giant donor. Another clear example is V1723 Aql. We expect that other
novae with ejecta that have high speeds and fairly low masses could also produce
strong, shock-powered radio emission.
• Using the similar edge-on inclinations of V5589 Sgr and V959 Mon to aid in the
interpretation of optical emission-line profiles, and the temperature of the shock-
heated X-ray emitting plasma to infer flow speeds in the shock, we hypothesize that
in V5589 Sgr a fast flow with a maximum speed of more than 5000 km s−1 collided
with, and was loosely collimated by, a slower flow that was concentrated in the
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equatorial plane.
• The lack of detectable γ-ray emission from V5589 Sgr, despite direct evidence for
strong shocks and indirect evidence for relativistic particles, hints at the possibility
that low ejecta densities due to high outflow speeds could have played a role in
V5589 Sgr’s low γ-ray luminosity.
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Chapter 4
Radio Observations During a Jet Ejection
from CH Cyg
4.1 Introduction
The symbiotic binary system CH Cyg, consisting of an M6-7 RG and an accreting
WD (Liller & Jones 1996), is one of the most well-known jet producing WD systems. At a
relatively close 245± 40 pc (Perryman et al. 1997), CH Cyg has produced several jets over
the past few decades which have been resolvable in the radio, optical, and X-ray regimes
(Taylor et al. 1986; Karovska et al. 1998; Crocker et al. 2001; Sokoloski & Kenyon 2003;
Galloway & Sokoloski 2004; Karovska et al. 2010). A coplanar, eclipsing system with a
period of ∼5700 days (Mikołajewska et al. 1987, 1990), there has been some evidence that
CH Cyg may be a coplanar triple star system with an inner binary with a 756 orbit and an
outer G-K dwarf in a 5300 day orbit (Hinkle et al. 1993; Skopal et al. 1996). Outbursts are
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typically associated with the appearance of a mass outflow with velocities between 500
and 2500 km s−1 (Mikolajewski & Tomov 1986; Leedjarv 1996; Eyres et al. 2002).
While the optical variation in CH Cyg is well-documented by the American Associ-
ation of Variable Star Observers (AAVSO) (Kafka 2016) and has been examined in some
detail (e.g., Sokoloski & Kenyon 2003), the variability in radio brightness has not been
as thoroughly monitored. Additionally, the variability in radio brightness in symbiotic
systems is not well understood, making it difficult to predict the early stages of jet pro-
duction from radio data alone. In the radio regime, outbursts from CH Cyg have been
associated with significant increases in radio flux density, as well as the production of
bipolar outflows with signs of jet procession (Crocker et al. 2002). Taylor et al. (1986)
first found a non-thermal radio jet shortly after a sharp drop in the optical light curve.
Since then, several other distinct jet events have been recorded, often following to optical
declines (e.g., Karovska et al. 1998; Crocker et al. 2001), most recently by Karovska et al.
(2010) in late 2008. These ejections could be a result of accretion onto the surface of the WD
near the Eddington limit, leading to outbursts (Crocker et al. 2001), and could be evidence
for a larger connection between the state of the accretion disk and the presence of a jet.
Observations at radio wavelengths during outbursts have shown predominantly thermal
emission, at times showing signs of non-thermal extension (Taylor et al. 1986; Crocker et al.
2001), which could indicate an a nebula that is in a transitional state between optically
thick and optically thin emission (Taylor et al. 1986).
In 2006, there was a major optical decline in the CH Cyg light curve (see Figure 4.4).
Following this decline, we carried out a series of multi-band observations with the Karl
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Table 4.1 VLA observations of CH Cygni between 2007 May 05 and 2009 December 06.
Project ID Dates Array
AS0909 03/05/07 - 05/13/07 D
AR0603 05/22/07 D
AR0648 09/30/07 AB
AS0921 10/23/07 - 08/21/08 B, C, DnC, D
AS0946 09/19/08 D
S9602* 10/04/08 - 10/05/08 A
AS1023 12/06/09 D
*program S9602 from Karovska et al. (2010)
G. Jansky Very Large Array (VLA) for over the course of a year and a half. We obtained
multiple images of a developing jet with a large SW component, and tracked the changes
in flux density and spectral index during its evolution. We show that the changes in the
radio light curve during this period indicate a connection between the jet event and the
optical decline. In addition, we estimate that the ejection of the jet continued for about a
year, ejecting material with total mass on the order of 10−7 M during that time, a higher
result then one might expect from standard accretion theory. In § 4.2, we describe our
observations with the VLA, as well as our data reduction processing. § 4.3 presents our
results and analysis of our observations, particularly focusing on changes in flux density
and jet morphology. Finally, in § 4.4, we describe our overarching conclusions.
4.2 Observations
We observed CH Cyg with the VLA between March 2007 and 2008 September, with
an additional observation in 2009 December shortly after an X-ray flare in CH Cyg (see
Table 4.1). With 1.5 years of observations, these observations spanned a full VLA cycle,
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with the earliest and latest observations in D-array. In addition to our own data, we looked
at public domain data which was taken in the A array for comparison in October 2008, P.I.
Karovska (Karovska et al. 2010). Each observation included observations of a standard
gain calibrator (either 3c286 or 3c48), and alternated on-source observations with those
on a phase reference calibrator (either 19445+54481 or 19557+51813).
All data were processed using the Astronomical Image Processing System (AIPS)
following standard procedures. The source was imaged using the CLEAN algorithm
(Högbom 1974). Star position was plotted using the J2000.0 location from the National
Elevation Dataset (NED). All images were originally rendered with the usual PSF. We
used AIPS JMFIT task to fit elliptical gaussians to the images in order to determine flux
density for the source at each epoch, as well as to determine the off-source RMS. JMFIT
was also used to determine the position angle of extension of the deconvolved source. We
take the total uncertainty to be the off-source RMS added in quadrature with an estimated
systematic error percentage of 5% at all frequencies. We fit precession data using IDL’s
LMFIT function, which uses a non-linear least squares fit to minimize the value of χ2red,
taking 1σ error bars.To determine the length of the jet and positions and distances between
components, we used AIPS’s TVDIST function. We used IDL’s linfit task, which minimizes
χ2, to determine the best fit for the flux density’s rise and fall at each frequency, using 1-σ
error bars from standard error propagation.
124
Table 4.2 Flux density of CH Cyg between 2007 May 05 and 2009 December 06.
Day MJD Observed flux density (mJy) Spectral index (α)
1.4 GHz 4.9 GHz 8.5 GHz L–C C–X L–X
L band C band X band
3/5/07 54164 ... ... 9.35 ±0.47 ... ... ...
3/10/07 54169 3.69±0.19 7.20±0.38 8.45 ± 0.43 0.54±0.06 0.29 ± 0.13 0.46 ± 0.04
3/12/07 54171 4.51 ±0.23 8.28±0.42 8.70 ±0.44 0.49±0.06 0.09±0.13 0.37±0.04
3/24/07 54183 4.85 ±0.25 7.78±0.40 9.06 ±0.48 0.38±0.06 0.27 ±0.13 0.35±0.04
3/26/07 54185 4.06 ±0.21 7.73±0.39 8.79 ±0.44 0.52±0.06 0.23 ±0.13 0.43±0.04
4/7/07 54197 6.09 ±0.32 7.77±0.43 8.97 ±0.47 0.20±0.06 0.26 ±0.14 0.22±0.04
4/13/07 54203 ... 8.84±0.45 9.58 ±0.48 ... 0.14 ±0.13 ...
5/12/07 54232 ... 9.61±0.49 11.77 ± 0.59 ... 0.37±0.13 ...
5/13/07 54233 5.31 ±0.28 9.46±0.48 12.13 ± 0.61 0.46±0.06 0.45 ±0.13 0.46±0.04
5/22/07 54242 ... ... 11.34± 0.57 ... ... ...
9/30/07 54373 ... 12.97±0.65 11.92±0.60 ... -0.15±0.13 ...
10/26/07 54399 6.79 ±0.35 9.96±0.52 11.81± 0.61 0.31±0.06 0.31±0.13 0.31±0.04
11/11/07 54415 ... 8.92±0.46 9.06± 0.46 ... 0.03±0.13 ...
11/12/07 54416 5.30 ±0.28 8.21±0.43 8.43± 0.43 0.35±0.06 0.05±0.13 0.26±0.04
11/25/07 54429 ... 9.24±0.48 10.41±0.53 ... 0.22±0.13 ...
12/14/07 54448 ... ... 6.76± 0.36 ... ... ...
12/27/07 54461 ... ... 10.32±0.52 ... ... ...
1/14/08 54479 5.74 ±0.31 7.21±0.42 7.92± 0.41 0.18±0.06 0.17±0.14 0.18±0.04
1/18/08 54483 5.61 ±0.36 ... ... ... ... ...
1/19/08 54484 ... 6.39±0.36 6.45± 0.35 ... 0.02±0.14 ...
1/28/08 54493 5.08 ±0.28 7.06±0.38 7.96± 0.41 0.26±0.06 0.22±0.13 0.25±0.04
5/29/08 54615 ... 5.70±0.30 6.96± 0.35 ... 0.36±0.13 ...
6/9/08 54626 3.74 ±0.20 6.55±0.34 7.16± 0.37 0.45±0.06 0.16±0.13 0.36±0.04
7/8/08 54655 4.06 ±0.22 5.29±0.27 6.50± 0.33 0.21±0.06 0.37±0.13 0.26±0.04
8/19/08 54697 ... 5.03±0.26 5.53± 0.28 ... 0.17±0.13 ...
8/21/08 54699 4.28 ±0.22 5.62±0.29 6.69± 0.34 0.22±0.06 0.31±0.13 0.25±0.04
9/19/08 54728 ... ... 6.03± 0.31 ... ... ...
12/6/09 55171 2.96±0.23 3.59±0.19 3.70±0.19 1.60±0.12 0.05±0.13 1.12±0.08
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Figure 4.1 VLA observations of the radio flux densities, with the spectral index between
each pair of observational frequencies below.
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Figure 4.2 Resolved images of developing jet in CH Cyg in C-band (4.86 GHz) and X-band
(8.46 GHz) between MJD 54373 (2007 September 30) and MJD 54493 (2008 January 28). All




















4.3 Results and Analysis
4.3.1 Light curve and spectrum
Our observations show a rise in the flux density at all frequencies between MJD
54164 (2007 March 5th) and MJD 54242 (2007 May 22nd), and a general decline at all
frequencies between MJD 54373 (2007 September 30th) and MJD 54728 (2007 September
19th). Figure 4.1 and Table 4.2 show the radio flux density and the spectral index between
each pair of frequencies at each epoch. Throughout the rise in flux density, the spectral
index remains relatively constant, averaging 0.43 between L and C band, 0.26 between C
and X band, and 0.39 between L and X band. The relatively flat spectrum does not show
any evidence for synchrotron emission, so it therefore doesn’t appear that the increase
in flux is caused by any shock mechanics. Past eruptions in CH Cyg have occasionally
shown evidence for synchrotron emission (e.g., the 2001 jet observed by Crocker et al.
(2001)), but this presence is not the case for every outburst (e.g., the findings of Taylor
131
Figure 4.3 Data from the two A-array VLA observations of Karovska et al. (2010), imaging
MJD 54743 and 54744 (2008 October 4th and 5th). Note the different size scale from

















Figure 4.4 The V-band light curve of CH Cyg from the AAVSO (Kafka 2016), and VLA
observations of the radio flux densities displayed on the same time scale beneath. Note
the rising radio flux density between 54164 and 54242 (2007 March 5 and 2007 May 22),
and the decline in the flux density thereafter. Lines indicate the best linear fit to the rise
and to the decline of the light curve (see Table 4.4).
133
Table 4.3 Position angle of the jet for all resolved images. Additionally, for the higher
resolution X-band images we estimate the length of the extension of the main body of the
jet. Error is considered to be the major axis of the beam size.
MJD Date Frequency Position Angle Extension
GHz degrees (E of N) (arcsec)
54373 9/30/07 4.86 221.42±4.72
54373 9/30/07 8.46 218.40±5.62 2.0 ± 0.6”
54399 10/26/07 4.86 211.68±2.50
54399 10/26/07 8.46 216.04±1.70 2.7 ± 0.4”
54415 11/11/07 4.86 207.24±3.41
54415 11/11/07 8.46 212.18±2.01 3.2 ± 0.5”
54416 11/12/07 4.86 205.69±5.59
54416 11/12/07 8.46 213.42±2.16 2.6 ± 0.5”
54429 11/25/07 4.86 208.87±2.82
54429 11/25/07 8.46 211.52±1.60 2.3 ± 0.6”
54448 12/14/07 8.46 218.17±9.39 1.9 ± 0.7”
54461 12/27/07 8.46 217.59±3.07 2.3 ± 0.8”
54479 1/14/08 4.86 196.23±72.14
54479 1/14/08 8.46 224.88±5.17 1.9 ± 0.9”
54484 1/19/08 4.86 208.49±9.67
54484 1/19/08 8.46 218.26±3.36 1.7 ± 0.6”
54493 1/28/08 4.86 211.19±2.93
54493 1/28/08 8.46 204.29±3.60 2.9 ± 0.5”
54743* 10/4/08 4.86 231.96±11.57
54743* 10/4/08 8.46 218.40±5.62 0.9 ± 0.1”
54744* 10/5/08 4.86 219.78±1.27
54744* 10/5/08 8.46 221.10±2.40 1.9 ± 0.1”
*using data from program S9602 from Karovska et al. (2010)
et al. (1986) in the 1986 jet). This fairly flat spectrum is consistent with a mostly optically
thin plasma. Therefore, it is unlikely that the rise in flux is caused by a fixed amount of
expanding optically thick material. It seems probable that during this period the increase
in flux density was due to continued ejection of material, adding to the brightness of the
system. Assuming a linear rise in flux density and taking the best fit for each frequency,
we find that the flux would have been at zero at MJD 53961.7 (2006 August 14) in X-band,
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Table 4.4 Best linear fit for the rise and fall of the flux density at each frequency, for different
ranges for the dates of the observations.
Date Range Frequency Best Fit for Sν χ2red
MJD GHz mJy
54164−54242 1.4 −1331.9 + t × 0.0247 8.060
4.86 −1688.1 + t × 0.0313 1.085
8.46 −2229.3 + t × 0.0413 2.916
54373−54728 1.4 399.9 − t × 0.00724 4.1639
4.86 729.7 − t × 0.01325 6.5052
8.46 567.4 − t × 0.01026 8.8171
54373−54493 1.4 445.5 − t × 0.00809 3.808
4.86 2050.7 − t × 0.03751 3.7118
8.46 1838.9 − t × 0.03362 9.8501
54616−54728 1.4 −394.8 − t × 0.00730 0.1577
4.86 471.1 − t × 0.00852 2.9161
8.46 578.7 − t × 0.01047 2.1681
MJD 53931.1 (2006 July 15) in C-band, and MJD 54002.7 (2006 September 24) in L-band
(see Table 4.4). These three dates are all within a month of each other, and fall in the
middle or near the end of the optical decline seen in Figure 4.4.
Similarly, we can find an approximate value for the peak flux density by finding the
intersection of the rising and falling best fit lines in order to estimate the duration of jet
ejection. If we fit the decline to a single linear function, then the intersection point for
L-band is on MJD 54278.9 (2007 June 27), for C-band it is MJD 54271.0 (2007 June 20th), and
for X-band it is MJD 54225.0 (2007 May 5th). However, observations between MJD 54373
and 54493 were in the VLA’s B array, while observations between MJD 54616 and 54728
were in D-array. For resolved images like we obtained during the B array observations,
some portion of the flux density may be resolved out. If we consider only the decline of
flux density during B-array, the linear line of best fit instead intercepts the initial rise on
MJD 54285.8 (2007 July 4th) in L-band, MJD 54331.4 (2007 August 19th) in C-band, and
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Figure 4.5 Historical data (taken from Crocker et al. 2002) showing the precession of jet
position in CH Cyg, with the addition of the most recent measurements presented in this
work. Our line for the position angle takes into account all observations shown.
MJD 54293.2 (2007 July 12th) in X-band. In any case, the period during which the flux
density brightened was roughly between 260 and 400 days. This timescale is comparable
or slightly longer than to that of the optical drop in V-magnitude, which declined over the
course of one year.
The correlation of the optical decline and the estimated starting date of the jet’s
emission lends support to the theory that the two events are linked, possibly related to
changes in the accretion disk around the white dwarf. The rise in flux combined with the
spectrum of the emission seems to indicate that the jet is not the result of expansion from
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a short, discrete ejection of material. It is instead a continued outflow of material with a
longer, determinable duration. Taken together, these observations add credence to past
suggestions connecting the state of the accretion disk and the presence of a jet, a result
which may be applicable to other jet/disk systems.
4.3.2 Images of an expanding, precessing jet
In our series of resolved images between MJD 54373 and MJD 54744, we see an
extended southwest component (see Figure 4.2 and Table 4.3) with position a position
angle of approximately 215±8 degrees east of north (E of N) and extension of ∼ 2.3 arcsec.
While expansion seems likely during this period, due to the resolution of the observations
the sizes and positions of the components have significant margins of errors, so that we
cannot get a precise measurement for the jets expansion during this time. The most highly
resolved images are from MJD 54744 (2008 October 5th), with data originally taken by
Karovska et al. (2010). In these A-array observations, the observed emission does not have
any components further from the central source than those taken in the earlier B-array
images. It is possible that the outermost parts of the jet have become optically thin and no
longer detectable. Alternatively, the observed components may simply not have moved
significantly, meaning that the radio emitting material is not expanding very quickly at
this time. If we consider our earliest resolved image, taken in X-band on MJD 54373, the
approximate extension was 2.0±0.6”. Using the best fit X-band intercept of MJD 53931.1
for the eruption start date, this extension would imply an expansion velocity of 1.65 ±
0.50” per year, or a projected velocity of 1920±576 km s−1 using 245 pc as the distance
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(Perryman et al. 1997). In contrast, if we consider the extension in the MJD 54744 X-band
data from Karovska et al. (2010), we find an expansion velocity of 0.85 ± 0.04 ” per year,
with projected velocity of 991 ± 52 km s−1. These velocities are typical of past outflow
speeds: Sokoloski & Kenyon (2003) found velocities of 650 km/s for jet ejected in 1997 and
1300 km/s for the jet in 1985, and Mikolajewski & Tomov (1986) found velocities as high
as 2500 km s−1 using optical spectroscopy.
The jets in CH Cyg have shown to be precessing, possibly due to warping or instability
of the accretion disk or from magnetic precession (Crocker et al. 2002). We consider the
position angle of this observed jet (Table 4.3) compared to previous observations, taken
from Table 2 of Crocker et al. (2002). Following the example of Crocker et al. (2002), we fit
the position angle of the jet θPA to a function of the form






where θmid is the angle on the sky, θ0 is the opening angle of the precession cone, and
P is the precession period. Fitting to this function gives us the best fit parameters of
θmid = 161.0 ± 0.4, θ0 = 55.4 ± 0.4, t0 = 54352 ± 1701, and P = 12013 ± 74 with a χ2red of
43.49. This precession period is significantly longer and has a wider precession cone than
previously estimated by Crocker et al. (2002). The precession period is slightly greater
than twice the orbital period of 5700 days. As in Crocker et al. (2002), however, we have
not covered an entire period with these observations and so our estimate should be taken
as a tentative measurement.
Finally, we consider the amount of material emitted from CH Cyg which makes up
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the observed jet. We consider the the MJD 54744 Karovska et al. (2010) observation, taking
the distance of 245 pc. The entire SW jet extends to 1.9 ± 0.1” (7.0 ± 0.4 × 1015 cm). If
we instead take only the knot component at the end, centered at 1.3” (4.8×1015 cm) from
the core, we measure that this component has a width w of 0.31” (1.1×1015 cm), a length
L of 0.44” (1.6×1015 cm), and flux density of 0.63 mJy. If we assume the component is a
cylinder, this component has a volume of 1.2×1045 cm3, and projected area of emission




























(1 − e−τν) (4.3)
which means that in this case, our optical depth τ ≈ 0.098.












implies that the emission measure is therefore EM= 2.64 × 107 cm−6 pc =
∫
n2e d`. If we
assume a constant electron density throughout, then it is simply n2e ×w which gives us an
electron density of 2.7 × 105 cm−3. Using our electron density from the component, and
estimating that our proton population is on the same order as our electron population, we
get an approximate mass of 2.7×10−7 M for the SW jet as a whole, emitted over the course
of about a year, using only the mass we see on this date. This mass ejection rate is higher
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than one would expect from standard jet theory. The typical accretion rate from a red giant
wind onto a white dwarf is typically on the order of 10−8 M (Taylor et al. 1986). While in
past observations, CH Cyg has shown that it may have an accretion rate on the order 10−7
M each year (Taylor et al. 1986), it cannot be higher than Ṁ = 1.32 × 10−7 M3.57WD M each
year or it would exhibit quasi-steady shell burning (Sokoloski 2003). It is possible that in
addition to the ejection of mass accreted, there is an episodic ejection of the accretion disk
itself following the buildup of accreted material.
4.4 Conclusions
• We obtained multiple images of a developing jet with a large component to the
southwest of the unresolved central binary.
• The beginning of the jet ejection was connected with the optical decline — moreover,
it was likely a result of a change in the state of it’s accretion disk.
• Spectral index remained fairly constant during our observations, at 0.39 between L
and X band. The jet spectrum rose slightly with frequency and flattened at higher
frequencies, indicating that the plasma may be close to optically thin. We did not
find signatures of synchrotron emission.
• The increase in flux density is likely due to mass outflow, continuing for about a year.
The projected expansion velocity is consistent with previous observations, between
990 and 1920 km s−1.
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• The precession period of the jet in CH Cyg is longer than previously estimated, with
P = 12013 ± 74 and a precession cone with opening angle θ0 = 555.4 ± 0.4. The
position angle of the jet indicates that the precession period is significantly longer
then the orbital period.
• Assuming a cylinder of material, the total mass outflow of 3× 10−7M is an order of
magnitude greater then expected from typical accretion physics. This finding could
indicate either a partial ejection of the accretion disk itself, or alternatively that our
assumption of constant density is incorrect.
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Chapter 5
Radio Characteristics of Accretion
Driven, Non-Burning Symbiotic Systems
5.1 Introduction
While accretion disks do form around some symbiotics, they are not a universal
feature, and there is likely a large range of disk sizes and accretion rates. It is unknown
what fraction of symbiotic binaries are dominated by emission from accretion alone, as
opposed to being powered by shell-burning. Because ∼50 times more energy is released
per nucleon from nuclear burning than from accretion, when shell burning is present it
dominates the energetics. Symbiotics with shell burning have hotter and more luminous
WDs, as well as much stronger optical emission lines; they are thus easier to detect in
spectroscopic surveys out to larger distances, and many of the well-observed symbiotics
are powered in this way. But systems that are powered by accretion alone may actually
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make up the majority of symbiotics (Mukai et al. 2016), and these wide binaries could
offer a more direct view of the mass transfer and mass transfer rates.
The photoionized-wind STB model makes several clear, testable predictions: a) that
the radio morphology is approximately spherically symmetric and centrally peaked, b)
that the radio spectra rise more steeply with frequency in sources with less luminous white
dwarfs, c) that the radio spectra turn over at a frequency that is a well-defined function
of the parameters of the binaries, and d) that the radio flux density is directly related
to the flux of ionizing photons. Alternative sources of radio emission, such as colliding
winds or bipolar jets, generate radio emission with different properties. Since we expect
the flux of ionizing photons to be much higher in burning-powered symbiotics than
non-burning, accretion powered-symbiotics, the radio flux density of accretion-driven
symbiotic systems provides one of the clearest tests of the STB model.
In order to examine these hypotheses, we considered symbiotic systems where there
was evidence that they were being powered predominantly by accretion. As these are not
shell-burning systems, these symbiotics are expected to have cool (TWD <5 × 104 K), low
luminosity (LWD <100 L) WDs (Seaquist et al. 1984). As discussed in Section 1.3.3, the
STB model predicts these systems will have steeper spectral indices and that they will be
approximately two orders of magnitude fainter than those with hotter and more luminous
WDs (Seaquist et al. 1984). The radio flux will be less dependent on the optical spectral
type of the red giant than more radio-bright symbiotics (Seaquist et al. 1984). For any WDs
with a low flux of ionizing photons, such that only a small part of the nebula is ionized,
the expected spectral index α (where Sν ∝ να) from such nebulae would be close to α = 1.3,
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and would only produce emission on the order of 10 µJy (Seaquist et al. 1984). A fully
ionized spherically symmetric outflow with constant velocity would be expected to have
an α ∼ 0.6 (Seaquist & Gregory 1973; Wright & Barlow 1975). Typical measurements of
the spectral index of symbiotic stars tend to be around 0.8, with a range of −0.1 < α < 1.4
(Seaquist & Taylor 1990).
In this chapter, we focus on determining whether radio observations can provide
a diagnostic to distinguish between accretion powered symbiotics and those driven by
thermonuclear burning reactions (shell burning) on the surface of the WD. As a secondary
goal, we examine our sources for potential outflows or interesting morphologies. The STB
model predicts that these sources should be significantly more radio faint than is usual for
a sampling of symbiotic systems, which opens up the potential to use faint radio emission
as a diagnostic for the source of power and determine their accretion rates. However, any
detection of sources that were significantly brighter than expected could indicate strong
winds, collisions, or jets in those systems.
5.2 Source Selection
To select these cooler systems, we considered symbiotics for which emission is not
dominated by a shell-burning WD. Sources known from X-rays/UV to be predominantly
powered by accretion presumably have simpler energetics — as opposed to systems with
shell burning, which tend to have hotter and more luminous WD. The presence of hard,
highly absorbed X-rays and large-amplitude UV variability are good indicators of the
presence of accretion disks in symbiotic systems (Luna et al. 2013). X-ray emission from
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symbiotics can therefore be used to detect the presence of an accretion disk. A δ-type
X-ray spectrum — showing highly absorbed hard X-rays with E ≥ 2.4 keV that can be
modeled as thermal emission — likely originates from the boundary layer between the
WD and its accretion disk (Kennea et al. 2009; Luna et al. 2013). Symbiotics which emit
both soft and hard X-ray thermal components are classified as β/δ-type, where the soft
X-rays probably originate from colliding winds and hard X-rays likely originate from the
WD/accretion disk boundary layer (Mürset et al. 1997; Luna et al. 2013). Shell burning
produces copious UV emission which would Compton cool the boundary layer, so the
presence of hard X-rays and a δ or β/δ-type spectrum is a good indicator that the symbiotic
system is accretion powered (Luna et al. 2013).
Another signature of accretion is rapid variability in the UV and the optical regimes,
which can indicate instabilities in the boundary layer or unstable mass transfer (Bruch
1992; Sokoloski & Kenyon 2003; Luna et al. 2013). UV variability also correlates with
the presence of hard X-rays (Luna et al. 2013). Therefore, we can use sources with a
high fractional RMS amplitude of rapid UV variability (S f rac) as a proxy for the presence
of accretion without shell burning in addition to using the presence of hard X-rays. To
quantify this variation, we also consider the ratio of the observed to the expected standard
deviation (S/Sexp) (Luna et al. 2013). Systems with large-amplitude UV flickering are also
unlikely to be shell-burning, since the rapidly variable light from the disk is not getting
overpowered by light from shell burning. To select our targets, we chose all symbiotics
accessible by the VLA that had either δ or β/δ type X-ray emission, using the presence of
these hard X-rays as a strong indicator of the presence of an accretion disk. Additionally,
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we added sources with high UV variability (which we we define as having both S f rac ≥ 0.08
and S/Sexp ≥ 5.0), using this rapid variability as a signature of accretion as well. Using
these criteria, we were able to identify sixteen northern symbiotic systems which are
likely powered by accretion alone, twelve of which had no prior radio detection (see
Table 5.1). We observed eleven out of these twelve systems (V1261 Ori was omitted due
to an observing error). A summary of the properties of these eleven systems follows.
ER Del
ER Del contains an S5.5/2.5 star and has symbiotic-like optical spectroscopic features
(Ake 1979). There is some evidence for the presence of low level optical flickering at a
marginal level (Sokoloski et al. 2001). Jorissen et al. (2012) found an orbital period of
2089 ± 6 days for ER Del. Boffin et al. (2014) found the same orbital period, and that ER
Del has an orbit with eccentricity e = 0.228 ± 0.016. They found the donor to have an
effective temperature 3470 ± 160 K and a radius of > 115 R. Additionally, they found an
inclination of i > 40◦, and approximated the mass of the WD and companion as 0.7 and
2 M for i = 50◦, or 0.7 and 3.25 M for i = 90◦, with the giant contained within its Roche
lobe regardless of inclination (Boffin et al. 2014).
UV Aur
UV Aur actually consists of UV Aur A, which is a symbiotic system containing a
carbon Mira type star as its donor and UV Aur B, a B8.5-type star (Luna et al. 2013; Herbig
2009). It is estimated to have a distance of∼1 kpc (Claussen et al. 1987; Olofsson et al. 1993;
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Bergeat & Chevallier 2005). This source has frequently been observed by the American
Association of Variable Star Observers (AAVSO), whose observations show a cyclical light
curve (Kafka 2016). This light curve could arise from ellipsoidal RG variation, as the Mira
companion has a pulsation period of 395 days (Kholopov et al. 1985). This source was
in an optically bright state (between 9 and 9.5 magnitudes in V) during the time period
we observed it at radio frequencies (Kafka 2016). UV Aur is one of only three known
symbiotics where the companion is a carbon star, the others being NQ Gem and SS38
(Taranova & Shenavrin 1999).
MWC 560
Discovered in 1943 by Merrill & Burwell (1943), the subsequent 87 years of MWC
560’s history show that the optical light curve has 3 periodic components: P1 = 19,000
days, P2 = 1943 days, and P3 = 722 days (Leibowitz & Formiggini 2015). MWC 560 is
a non-eclipsing system (Maran et al. 1991) with a highly eccentric orbit, with e ∼ 0.7
(Stoyanov & Zamanov 2014). The red giant has a rotational period of Prot= 144 - 306 days
(Stoyanov & Zamanov 2014). This source is known to have significant UV flickering and
is a confirmed source of rapid optical flickering (Dobrzycka et al. 1996; Sokoloski et al.
2001; Zamanov et al. 2004; Gromadzki et al. 2006; Stoyanov 2012). A known jet producing
source, unusually fast outflows have been seen up to 6000 km s−1, and jet production is
thought to be along the line of sight (Tomov et al. 1990, 1992; Schmid et al. 2001). The
companion star is an M3-4 or M6 star (Allen 1978; Panferov et al. 1997; Mürset & Schmid
1999). The distance is estimated to be 2.5±0.7 kpc (Schmid et al. 2001; Stute & Sahai 2007).
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T CrB
T CrB is a recurrent nova with known eruptions in 1866 and 1946 and an orbital period
of 227.7 days (Kraft 1958). It is one of the few systems known to have produced >10 keV
X-ray emission (Kennea et al. 2009). It has UV flickering that is more consistently present
than that seen in known jet-producing systems like CH Cyg and MWC 560 (Zamanov
et al. 2004). T CrB has a HIPPARCOS parallax of -1.61± 0.63 mas, which corresponds
to a distance between 450 and 1020 pc (Perryman et al. 1997). T CrB is one of only 8
known symbiotics to show definite evidence of rapid optical flickering (Sokoloski et al.
2001; Gromadzki et al. 2006; Stoyanov 2012). It has an M4.5 star as a companion (Mürset
& Schmid 1999). While this source has been regularly observed by the AAVSO, the light
curve shows few features of interest during the time we observed (Kafka 2016).
BD -21 3873 = IV Vir
BD -21 3873 is a yellow symbiotic similar to AG Dra, containing a metal poor K-giant
that is s-process overabundant with an orbital period of 281.6 days (Smith et al. 1997;
Pereira & Porto de Mello 1997). It lies at a distance of ∼ 1.73 kpc and has a EB−V magnitude
of 0.20 (Skopal 2005). There are indicators that the red giant in BD -21 3873 is distorted
by its companion. There have been very few observations of this source by the AAVSO
(Kafka 2016).
WRAY 15-1470 = SS73 55
WRAY 15-1470 is classified as an S-type symbiotic with an M3/M5 donor (Allen 1984;
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Medina Tanco & Steiner 1995; Mürset & Schmid 1999). There are no observations of
this source by the AAVSO (Kafka 2016). This source has been shown to have rapid UV
variability (Luna et al. 2013).
NQ Gem
A suspected symbiotic, the X-ray emission from NQ Gem bears a strong resemblance
to that of CH Cyg (Mukai et al. 2007; Luna et al. 2013). It has a highly variable UV
continuum (Belczyński et al. 2000). The cool star in the NQ Gem system is a carbon star
(C6.2) (Keenan & Morgan 1941), which is unusual for symbiotics (Taranova & Shenavrin
1999). Carquillat & Prieur (2008) give NQ Gem an orbital period of 1308 days, but other
sources say the period is likely closer to ∼ 70 days (Taranova & Shenavrin 1999; Samus
et al. 2010). The distance is unknown (Luna et al. 2013). The AAVSO light curve stays
generally between 7.5-8.5 magnitudes (Kafka 2016). X-ray emission from the accretion
disk was detected by Luna et al. (2010).
CD -28 3719
CD -28 3719 is a suspected symbiotic (Van Eck & Jorissen 2000; Belczyński et al. 2000)
with a S6,8e companion (Stephenson 1984). CD -28 3719 has not been observed by the
AAVSO (Kafka 2016). CD -28 3719 has both δ-type X-ray emission and UV flickering
(Luna et al. 2013).
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ZZ CMi
ZZ CMi is another suspected symbiotic system (Belczyński et al. 2000), with X-ray
emission similar to that seen in CH Cyg and NQ Gem (Luna et al. 2013). Originally
classified as a symbiotic by Iijima (1984), it has a late-type star donor, an M5 or M6 (Bopp
1984; Iijima 1984; Taranova 1986). Observations have not shown optical flickering, though
there is some intra-night variability (Stoyanov 2012).
TX CVn
TX CVn is a Z And type system, as classified by Mumford (1956). TX CVn consists of
a late B-type and an early M star (Kenyon 1986). Alternatively, Taranova & Yudin (1983)
suggest that it consists of a B9 main sequence and a K5 giant, with a distance of ∼ 1.1
kpc based on the K-band flux of the K5 giant Taranova & Yudin (1983); Taranova & Iudin
(1983). The spectroscopy of Shenavrin et al. (2011) suggests that it is a combination of a
B1-B9Veq and a K0III-M4. The system has an orbital period 199± 3 days (Garcia & Kenyon
1988), confirmed by Wiecek et al. (2010). Between 2003 and 2007, TX CVn was in a steady
active state (Skopal et al. 2007). The source then began a steady six-year decline at 0.084
magnitudes per year between 2007 December and 2013 September (Munari et al. 2014), at
which point it reentered its active state, brightening from 11.02 in 2013 September to 10.65
in early December Munari et al. (2014). According to the AAVSO light curve (Kafka 2016),
it continued to brighten through 2014 July and then began a slow decline thereafter, not yet
reaching the levels before the outburst. Therefore, during the period when we observed
TX CVn, the source was still in a state of heightened activity, near peak brightness in the
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Table 5.1 List of northern, accretion-powered symbiotics. The type of X-ray emission and
UV flux ratios and fractions are found in Luna et al. (2013).
Source Type S/Sexp S f rac
ER Del δ 39 0.19
UV Aur β/δ ... ...
MWC 560 β/δ ... ...
T CrB δ ... ...
BD -21 3873 ... 10 0.17
WRAY 15-1470 ... 5.8 0.12
NQ Gem β/δ 28.4 0.15
CD -28 3719 δ 27 0.14
ZZ CMi β/δ 10 0.10
TX CVn ... 47.7 0.23
CD -27 8661 ... 7.5 0.08
Sources not observed in this survey
V1261 Ori δ ... ...
CH Cyg β/δ ... ...
R Aqr β/δ ... ...
BD Cam β/δ ... ...
V443 Her ... 28.5 0.14
optical. The presence of strong UV flickering furnishes evidence that it is powered by
accretion alone (Luna et al. 2013).
CD -27 8661
A suspected symbiotic, CD -27 8661 has an orbital period of 763.3 days (Van Eck
et al. 2000; Van Eck & Jorissen 2000; Belczyński et al. 2000) and a companion S4,6e star
(Stephenson 1984). CD -27 8661 has not been observed by the AAVSO (Kafka 2016).
5.3 Observations and Data Reduction
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Table 5.2 Prior detections of northern, accretion-powered symbiotic binaries.
Source Prior Detection limits
ER Del < 0.45 mJy at 8.6 GHz (Belczyński et al. 2000)
UV Aur <0.34 mJy at 8.5 GHz (Seaquist et al. 1993)
MWC 560 < 0.22 mJy at 8.6 GHz (Belczyński et al. 2000)
T CrB < 0.15 mJy at 8.3 GHz (Seaquist et al. 1993)
BD -21 3873 < 0.22 mJy at 8.6 GHz (Belczyński et al. 2000)
WRAY 15-1470 <0.07 mJy at 8.6 GHz (Belczyński et al. 2000)
NQ Gem no prior observations
CD -28 3719 no prior observations
ZZ CMi no prior observations
TX CVn < 0.06 mJy at 8.4 GHz (Seaquist et al. 1993)
CD -27 8661 no prior observations
Sources not observed in this survey
V1261 Ori <0.1 mJy at 8.6 GHz (Belczyński et al. 2000)
CH Cyg many prior detections
R Aqr many prior detections
BD Cam 0.18 mJy at 8.3 GHz (Belczyński et al. 2000)
V443 Her many prior detections
Table 5.3 Donor star types for northern, accretion-powered symbiotic systems.
Source Cool Star Spectrum
ER Del S5.5/2.5 (Ake 1979)
UV Aur Mira C8.1Je (Herbig 2009)
MWC 560 M3-5, M6 (Allen 1978; Panferov et al. 1997, MS99)
T CrB M4.5 (MS99)
BD -21 3873 K2 (Smith et al. 1997; Pereira & Porto de Mello 1997, MS99)
WRAY 15-1470 M3,M6 (Allen 1984; Medina Tanco & Steiner 1995, MS99)
NQ Gem C6.2 (Keenan & Morgan 1941; Taranova & Shenavrin 1999)
CD -28 3719 S6,8e (Stephenson 1984)
ZZ CMi M6,M5 (Bopp 1984; Iijima 1984; Taranova 1986)
TX CVn early M, K5.3 (Kenyon 1986; Taranova & Yudin 1983, TI83)
CD -27 8661 S4,6e (Stephenson 1984)
Sources not observed in this survey
V1261 Ori S4.1, M3 (Ake et al. 1991; Maran et al. 1991)
CH Cyg M6.5,M7 (Liller & Jones 1996)
R Aqr Mira, M7, M8 (Michalitsianos et al. 1982, MS99)
BD Cam M3, S5.3 (Adelman 1998; Keenan 1954)
V443 Her M5.5 (MS99)
Here MS99 is Mürset & Schmid (1999).
Here TI83 is Taranova & Iudin (1983).
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Table 5.4 List of observations performed in our survey of accretion driven symbiotic
systems.
Source Date MJD Gain Cal Phase Cal Time Config.
(min)
ER Del 2014 Sept. 30 56930 3C286 J2049+1003 90:53 DnC
UV Aur 2014 Oct. 1 56931 3C147 J0547+2721 90:28 DnC
MWC 560 2014 Oct. 2 56932 3C147 J0730-1141 84:35 DnC
T CrB 2014 Oct. 2 56932 3C286 J1609+2641 93:13 DnC
BD -21 3873 2014 Oct. 3 56933 3C286 J1438-2204 90:56 DnC
WRAY 15-1470 2014 Oct. 4 56934 3C286 J1626-2951 91:20 C
NQ Gem 2014 Oct. 5 56935 3C147 J0748+2400 92:01 DnC
CD -28 3719 2014 Oct. 5 56935 3C147 J0648-3044 90:58 CnB
ZZ CMi 2014 Nov. 2 56963 3C147 J0745+1011 91:32 DnC
TX CVn 2014 Nov. 23 56984 3C286 J1308+3546 91:37 DnC
CD -27 8661 2015 Jan. 9 57031 3C286 J1209-3214 91:05 C
We observed eleven of the twelve previously unobserved or non-detected sources
with the Karl J. Jansky Very Large Array (VLA), using 3-bit samplers to cover the entirety of
X-band for a wide frequency coverage and continuum image (V1261 Ori was excluded due
to error in the observation scheduling). Observations of each source were alternated with
a nearby phase calibrator, with the additional observation of a standard gain calibrator,
either 3C286 or 3C147 (see Table 5.4). The data were reduced and imaged with NRAO’s
Common Astronomical Processing System (CASA) v4.2.2 McMullin et al. (2007), using
the VLA calibration pipeline v1.3.1 and following the standard procedures. Imaging was
preformed with standard CLEAN algorithms (Högbom 1974), using Briggs weighting
with robust parameter 0.5. Flux densities were found in the image plane using CASA’s
imfit task over the entire band, and uncertainties were taken as the error from the gaussian
fit and estimated systematic errors of 5% (see Table 5.5). Upper limits were taken as 2×
RMS. All uncertainties thereafter are using 1σ error propagation. Where possible, we
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additionally imaged the upper and lower spectral windows in the X-band separately in
order to find the in-band spectral index.
5.4 Results and Analysis
None of our sources were spatially resolved, nor were we expecting them to be due
to their distance, previous radio non-detections, and the use of the wild-field but low
resolution D-array. We therefore cannot comment on the morphologies of these systems.
We detected 7 out of 11 of the observed symbiotics for the first time. TX CVn remains
a non-detection, with the 2×RMS upper limit moving from 60 µJy to 5 µJy. UV Aur, which
previously had an upper limit of 340 µJy, was detected with flux density 224 ± 38. T CrB
previously had non detections at 150 µJy, and now has been detected at 40 ± 4 µJy. NQ
Gem had no previous observations, and now has been detected for the first time, with
a flux density 125 ± 8 µJy. ZZ CM also had no previous radio observations, and now
has been detected at 332 ± 17 µJy. ER Del, which previously had an upper limit of of
< 450 µJy, was detected at 40 ± 4 µJy. MWC 560 had prior upper limit of 220 µJy, and was
again a non-detection with an upper limit of <6 µJy. BD-21 3873/IV Vir also remains a non
detection, going from < 220 µJy to < 111 µJy. WRAY 15-1470, which had a non detection
of < 70 µJy at 8.6 GHz (Belczyński et al. 2000), has apparently brightened, now with a
detection of 400 ± 21 µJy at 9.9 GHz. CD-27 8661, which had no prior observations, now
has been detected at 49 ± 7 µJy. CD-28 3719 also had no prior observations and now has
an upper limit of 9 µJy. On average, the sources in our accretion-powered sample were
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Table 5.5 Radio observations and in-band spectral indices, sorted by approximate relative
distance as judged by source brightness in V and K band (as in Luna et al. 2013). Obser-
vations at 9.9 GHz were taken across the entire broadband, other frequencies are upper
and lower sub-bands in order to calculate the spectral index.
Name Date Freq. Flux Density Spectral index
(GHz) (µJy) α
NQ Gem 2014 Oct. 5 9.9 125 ± 8∗ -0.14 ±0.60
9.0 123 ± 9
10.7 120 ± 8
UV Aur 2014 Oct. 1 9.9 224 ± 38 1.04 ±1.04
9.0 201 ± 28
10.7 238 ± 23
TXCVn 2014 Nov. 23 9.9 < 5∗∗
9.0 <7
10.7 <8
T CrB 2014 Oct. 2 9.9 40 ± 4 0.25 ± 1.02
9.0 39 ± 6
10.7 40 ± 4
ZZ CMi 2014 Nov. 2 9.9 332 ± 17 0.59 ± 0.44
9.0 319 ± 16
10.7 351 ± 18
MWC 560 2014 Oct. 2 9.9 <6
9.0 <9
10.7 <8
ER Del 2014 Sept. 30 9.9 40 ± 4 0.96 ± 1.06
9.0 37 ± 5
10.7 43 ± 5
CD-27 8661 2015 Jan. 9 9.0 49 ± 7
CD-28 3719 2014 Oct. 5 9.9 <9
9.0 <14
10.7 <8
BD-21 3873 2014 Oct. 3 9.9 <111
9.0 <114
10.7 <169
WRAY 15-1470 2014 Oct. 4 9.9 400 ± 21 0.86 ± 0.46
9.0 376 ± 20
10.7 432 ± 23
*assuming 5% systematic error.
**detection limits 2×RMS.
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Table 5.6 Radio observations and in-band spectral indices, sorted by approximate relative
distance as judged by source brightness in K band. Observations at 9.9 GHz were taken
across the entire broadband, other frequencies are upper and lower sub-bands in order to
calculate the spectral index.
Name Date Freq Flux Density Spec. index K-band
(GHz) (µJy) α magnitude
UV Aur 2014 Oct. 1 9.9 224 ± 38 1.04 ±1.04 2.1(B00)
9.0 201 ± 28
10.7 238 ± 23
ZZ CMi 2014 Nov. 2 9.9 332 ± 17 0.59 ± 0.44 2.8 (B00)
9.0 319 ± 16
10.7 351 ± 18
NQ Gem 2014 Oct. 5 9.9 125 ± 8 ∗ -0.14 ±0.60 3.0 (B00)
9.0 123 ± 9
10.7 120 ± 8
CD-27 8661 2015 Jan. 9 9.0 49 ± 7 4.2 (C03)
T CrB 2014 Oct. 2 9.9 40 ± 4 0.25 ± 1.02 4.8 (B00)
9.0 39 ± 6
10.7 40 ± 4
CD-28 3719 2014 Oct. 5 9.9 <9 4.9 (C03)
9.0 <14
10.7 <8
ER Del 2014 Sept. 30 9.9 40 ± 4 0.96 ± 1.06 5.0 (C03)
9.0 37 ± 5
10.7 43 ± 5
MWC 560 2014 Oct. 2 9.9 <6 5.1(B00)
9.0 <9
10.7 <8
TXCVn 2014 Nov. 23 9.9 < 5∗∗ 6.3 (B00)
9.0 <7
10.7 <8
BD-21 3873 2014 Oct. 3 9.9 <111 7.2 (B00)
9.0 <114
10.7 <169
WRAY 15-1470 2014 Oct. 4 9.9 400 ± 21 0.86 ± 0.46 7.8 (B00)
9.0 376 ± 20
10.7 432 ± 23
Here B00 is Belczyński et al. (2000).
Here C03 is Cutri et al. (2003).
*assuming 5% systematic error.
**detection limits 2×RMS.
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significantly fainter in the radio than typical symbiotic stars, which Seaquist & Taylor
(1990) found to have radio flux densities of ∼ 1 mJy.
These are all presumably accretion driven symbiotics with no shell-burning heating
the WD. If we assume the targets are all intrinsically similar, than any differences in flux
density between them would be predominantly related to the distance of the system. (We
acknowledge that there may in fact be variation between these systems due to different
WD masses or accretion rates, or the presence of jets or strong collisions). Because most
symbiotics cataloged in Belczyński et al. (2000) do not have distance estimates, we follow
the example of Luna et al. (2013) using the source brightness in V or K bands as a proxy
for distance where necessary. When we order our radio observations by this distance
proxy (using Luna et al. (2013) as a guide), we see that distance is not strongly correlated
with the radio brightness. For example, WRAY 15-1470, which is the faintest in both V
and K band (Belczyński et al. 2000), is by far the brightest radio source, and in fact has
surpassed its previous non-detection levels (Belczyński et al. 2000). It therefore may be
going through a particularly active state, and may be a potential jet-producing source like
CH Cyg. WRAY 15-1470 was one of the sources that had high UV variability, but was
not observed/classified for its X-ray type. On the other end of the spectrum, TX CVn,
which likely has a relatively close distance of ∼1.1 kpc (Taranova & Yudin 1983), was a
non-detection at < 5 µJy. Removing the sources from the list that were not observed for
X-ray type does not change the lack of correlation between flux density and the estimated
distance. Neither does using just the UV variability list. Nor is this issue resolved by
removing the systems that are only suspected as symbiotics — NQ Gem, ZZ CMi, CD-27
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8661, and CD-28 3719.
Alternatively, if we instead take K-band alone as a distance proxy (see Table 5.6),
there are still several major deviations from a putative distance vs radio flux density
correlation. The first is WRAY 15-1470, which is much brighter than expected for its K-
band magnitude distance. Second and third are UV Aur and ZZ CMi, which are swapped
in their relative brightness; UV Aur has a K-band magnitude of 2.1 mag and thus should
be brighter than ZZ CMi with its K-band magnitude of 2.8 mag, were all differences in
flux density strictly due to to this distance proxy. Last is CD 28-3719 (4.9 mag), which
should have been a brighter (a detection) like the two other systems with similar K-band
magnitudes (T CrB with 4.8 mag and ER Del with 5.0 mag), both of which flux densities
of approximately 40 µJy. Finally, if we consider V-band magnitude alone as a distance
indicator, this system produces no correlation whatsoever. Based on these results, we
cannot strictly predict radio brightness for accretion driven systems using these distance
proxies (although K-band magnitude system comes the closest).
We were able to determine the in-band spectral index for six of the eleven observed
sources: NQ Gem ( -0.14 ±0.60), UV Aur (1.04 ±1.04) ,T CrB (0.25 ± 1.02), ZZ CMi (0.59
± 0.44), ER Del (0.96 ± 1.06), and WRAY 15-1470 (0.86 ± 0.46). Due to large error bars
on these, it is difficult to draw any sweeping conclusions. However, NQ Gem, ZZ CMi
and WRAY 15-1470 all are inconsistent with the predicted α ∼1.3, with spectra slightly
flatter than what we would expect. The other sources were also apparently flatter than
expected, but with large enough error bars that the α = 1.3 prediction falls within them.
Therefore, although the STB gets the radio flux density of these sources roughly correct,
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these flattened spectra may be evidence for additional forms of emission, as in shocks
from the collision of multiple flows or jets. This is particularly likely in the cases of WRAY
15-1470 and ZZ CMi, which are both brighter than their relative K-band distance estimates
might suggest. However, we note that of the symbiotics observed, WRAY 15-1470 was
one of those where it has not yet been observed for δ or β/δ emission, and it only had
a UV flux ratio of S/Sexp = 5.8, the lowest ratio of our observed sources. Therefore, of
the sources most likely to be accretion-driven in this survey, it is at the bottom of the list.
The fact that it is somewhat anomalous may indicate it has some degree of shell burning.
Similarly, although ZZ CMi does have β/δ emission, it is listed by Belczyński et al. (2000)
as a potential symbiotic star, and its status is not yet confirmed, and NQ Gem is similarly
only a suspected symbiotic Mukai et al. (2007); Luna et al. (2013). Therefore, the fact that
these systems have flatter spectral indices is not necessarily a contradiction to the STB
model.
We next consider the type of companion stars that each source has (see Table 5.4). The
two brightest radio sources (WRAY 15-1470 and ZZ CMi) both have M-star companions,
as does our faintest detection (T CrB) and one or two of our non-detections (MWC 560, an
M6, and TX CVn, which may either be a K5.3 star or an early M star). The K2 star BD-21
3873 was a non-detection as well. Both carbon stars in our sample are fairly bright (UV
Aur, which has a Mira C8.1Je as a companion and NQ Gem, which has a C6.2). The S
stars (CD-27 8661, ER Del, and CD-28 3719) are all fairly faint, with only CD-27 8661 being
a detection at 40.2 µJy and the rest being non-detections. Overall, we did not find any
correlation between star type and radio flux density, which is the result that we expect
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from the STB model for accretion-powered symbiotics (Seaquist et al. 1984).
For the known jet-producing source, MWC 560, optical spectroscopy has shown fast
outflows of up to 6000 km s−1, so this source is thought to produce jets nearly along the
line of sight. (Tomov et al. 1990, 1992; Schmid et al. 2001). We compare MWC 560, with
a K-band magnitude of 5.1 (Belczyński et al. 2000), to the symbiotic CH Cyg (previously
discussed in Chapter 4), which has a K-band magnitude of -0.7 (Belczyński et al. 2000)
and is at a distance of 245 ± 40 (Perryman et al. 1997). During the production of a jet in
CH Cyg, the radio flux reached a maximum of 11.92±0.60 mJy in X-band (see Chapter 4).
The jet itself, observed in highest resolution by Karovska et al. (2010) eleven months after
its maximum, had at that time an integrated total flux of 2.0 mJy at 8 GHz in X-band on
the SW extension alone (Karovska et al. 2010); with one large knot of emission near the
end of the jet having a total flux of 0.63 mJy (Chapter 4) and the source as a whole having
a flux density of∼ 7.2. Observations over two years later showed an X-band flux density
of 3.70±0.19 mJy.
Schmid et al. (2001) finds that MWC 560 has a distance of 2.5±0.7 kpc. If we consider
CH Cyg to be a prototypical jet producing system and use the fact that the luminosity
relates to distance and flux density as
L = 4πD2Sν, (5.1)
we can make some estimations regarding the expected flux for the jet producing system
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From this, we find that any emission from MWC 560 would be roughly 100 times fainter
(formally 104±67 times fainter) than the equivalent emission from CH Cyg. If we assume
MWC 560 has the same total flux density as CH Cyg has two years after a jet outburst
(3.7 mJy at 245 pc), MWC 560 would be expected to have a flux of 36 ± 23 µJy. This is not
the case: we found that MWC was a non-detection at <6 µJy (to 2σ). If there were a jet
during this time, the extended jet alone (i.e. the 2.0 mJy of extended emission in CH Cyg)
would be expected to have flux density of 19± 12 µJy. A single knot of such a jet (0.63 mJy
in CH Cyg) would be 6± 4 µJy, which is right at our detection limit. Therefore, taking CH
Cyg as a typical jet-producing symbiotic would imply that MWC may be slightly more




• We have made the first radio detections of seven symbiotic systems, and placed
stronger upper limits on four more.
• Roughly half of the sources were either non-detections or had flux densities on the
order of magnitude of 10 µJy. The brighter sources still had lower flux densities than
is typically expected for “the average” symbiotic system (Seaquist & Taylor 1990).
Of these brighter sources, it is possible that some of them could be brighter due to
their distance rather than because of shell-burning, or that these systems have some
sort of collision or shocks in their ejecta.This series of detections and non-detections
could indicate a fainter, accretion-driven symbiotic population.
• Of the six sources where we were able to measure the in-band spectral indices, three
sources (ER Del, T CrB, and UV Aur) had spectral indices that were consistent with
the predicted α ≈ 1.3 of the STB model for purely accretion driven object, although
the uncertainties were large. The three sources that were inconsistent with α ≈ 1.3 to
within 1-σ (NQ Gem, ZZ CMi and WRAY 15-1470) all also had flux densities on the
order of hundreds of µJy, and were among the brightest systems that we detected.
However, both ZZ CMi and NQ Gem are only suspected symbiotic systems, and
WRAY 15-1470 was one of the more tentative sources on our list of accretion driven
symbiotics, which may explain this deviation from what is predicted by the STB
theory. Alternatively, they could have non-thermal shocks or jets which would also
flatten their spectra.
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• The sources that deviated most from the expectation of their radio flux density, when
using relative V and K-band magnitudes as a distance proxy, were WRAY 15-1470
and ZZ CMi. These two sources additionally had flatter spectra that were consistent
with α ≈ 1.3 within 1-σ. These are therefore the sources most likely to have some
other form of emission from colliding winds, multiple outflows, or jets.
• Using V and K band magnitudes as distance proxies, we were unable to produce a
correlation between radio brightness and distance.
• MWC 560, which is a known jet producing source, was a non-detection. Scaling this
system to the jet producing symbiotic CH Cyg shows that this non-detection shows
a radio flux density fainter than we would expect, though is also near the edge of
our detection limits.
• There do not seem to be any correlations between donor star type and radio bright-
ness. This finding is consistent with our expectations for accretion powered symbi-
otic systems in the STB picture.
• The above findings generally provide some support for the STB model of radio
emission from symbiotic stars. To the best of our knowledge, our survey is the
first attempt to use symbiotics with difference sources of power to test the STB
model. Our results also lend support to our idea that radio flux densities can be
used as a proxy/indicator of source of power. If a symbiotic known to be nearby




Shaping of Nebulae in Symbiotics
6.1 Introduction
It is an open question whether the bulk of radio emission from symbiotic nebulae
is due to the WD photoionizing some portion of the wind, shock heated plasma from
colliding winds, or some combination of both. The radio flux densities and spectral indices
of the small sample of symbiotics described in Chapter 5 enabled us to test one facet of
these models. In this chapter, high-resolution radio imaging allows us to directly examine
the structure of the ionized flows. The degree of nebular asymmetry can clarify the mode of
mass transfer and the shaping mechanism for the nebulae. High resolution radio imaging
of these systems allows us to characterize outflows and jets from symbiotic binaries. In
2008-2009, we undertook a small imaging survey of eleven radio bright symbiotic stars
without prior high-spatial resolution radio imaging from the list of Belczyński et al. (2000).
After the upgrades to the VLA, we expanded this survey, observing nine symbiotic systems
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(three of which were also observed in the original survey).
6.2 Observations and Data reduction
In the original survey prior to the upgrades to the VLA, we observed the targets at
a frequency of 22.5 GHz (K-band) in the VLA’s A configuration, which provided spatial
resolution of ∼ 0.1 arcseconds. We alternated observations on source with observations
of a nearby phase calibrator, with an additional observation of a standard gain calibrator
(see Table 6.2). We processed the pilot data using Astronomical Image Processing Sys-
tem (AIPS) using standard procedures. Imaging was done using the CLEAN algorithm
(Högbom 1974) — where we took multiple observations of the same source, we concate-
nated the data to improve the image RMS. Flux densities were determined using the AIPS
JMFIT task, with error taken as the RMS from JMFIT added in quadrature with a 10%
systematic error. The error for the peak flux density was taken as the RMS from the JMFIT
alone.
For the expanded survey, we observed all sources at Ka-band (33 GHz), using the
standard 3-bit continuum correlator for maximum sensitivity across four 2 GHz basebands
(centered at 30, 32, 34, and 36 GHz). Each observation had ∼30 minutes on source,
alternating with a nearby phase calibrator. as well as one observation of a standard gain
calibrator, using one of 3C286 (1331+305), 3C48 (0137+331), or 3C147 (0542+498) (see
Table 6.2). We used Common Astronomical Processing System (CASA) v4.2.2 (McMullin
et al. 2007), processing all data using the VLA calibration pipeline v1.3.1. Standard CLEAN
algorithms (Högbom 1974) were used for imaging the data across the entire band. The
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K 3-9 8.63 mJy (8.3 GHz) (B00)
PU Vul 0.5 mJy (8.3 GHz) (B00)
AS 296/FG Ser 1.45 mJy (15 GHz) (ST90); 0.43 mJy (5 GHz) (B00)
Hen 3-1341 1.04 mJy (8.3 GHz) (B00, S93)
V471 Per 0.45 mJy (8.3 GHz)(B00, S93)
AS 289 2.21 mJy (15 GHz) (ST90); 1.84 mJy (8.3 GHz) (B00);
0.65 mJy (5 GHz) (ST90)
AX Per 0.58 mJy (8.3 GHz)(B00, S93)
EG And 0.54 mJy (8.3 GHz)(B00, S93)
V1413 Aql 0.66 mJy (8.3 GHz) (B00)
RT Ser 1.19 mJy (8.3 GHz) (B00); 0.92 mJy (5 GHz) (ST90);
0.47 mJy (1.5 GHz) (ST90)
BF Cyg 1.93 mJy (15 GHz) (ST90); 0.66 mJy (8.3 GHz) (B00);
2.05 mJy (5 GHz) (ST90); 0.71 mJy (1.5 GHz) (ST90)
Expanded Survey Targets
HM Sge 99.6 mJy (8.3 GHz) (B00)
AG Peg 9.4 mJy (22.5 GHz) (ST90); 8.05 mJy (15 GHz) (ST90);
8.15 mJy (5 GHz) (B00)
BF Cyg 1.93 mJy (15 GHz) (ST90); 0.66 mJy (8.3 GHz) (B00);
2.05 mJy (5 GHz) (ST90); 0.71 mJy (1.5 GHz) (ST90)
Hen 2-442 6.0 mJy (5 GHz) (B00)
RT Ser 1.19 mJy (8.3 GHz) (B00); 0.92 mJy (5 GHz) (ST90);
0.47 mJy (1.5 GHz) (ST90)
CM Aql 0.3 mJy (8.3 GHz) (B00)
AX Per 0.58 mJy (8.3 GHz) (B00, S93)
BD Cam 0.18 mJy (8.3 GHz) (B00)
AG Dra 0.48 mJy (5 GHz) (B00); 0.77 mJy (15 GHz) (ST90);
Bipolar radio jet detected (Ogley et al. 2002)
Here ST90 is Seaquist & Taylor (1990).
Here S93 is Seaquist et al. (1993).
Here B00 is Belczyński et al. (2000).
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Table 6.2 All of our observations of the targets taken with the VLA. We performed the
expanded survey after the upgrades to the VLA.
Source Date MJD gain cal. phase cal. time on source
Original Survey Targets (min)
EG And 2008 Oct 1 54740 0137+331 00384+41371 43.9
EG And 2008 Oct 2 54741 0137+331 00384+41371 40.1
AX Per 2008 Oct 3 54742 0137+331 01323+56206 42.0
AX Per 2008 Oct 4 54743 0137+331 01323+56206 38.5
V471 Per 2008 Oct 17 54756 0137+331 02037+54119 73.7
V471 Per 2008 Oct 19 54758 0137+331 02037+54119 39.1
Hen 3-1341 2008 Oct 23 54762 1331+305 17095-17288 39.8
AS 296 = FG Ser 2008 Oct 23 54762 1331+305 18042+01015 14.3
AS 296 = FG Ser 2008 Oct 24 54763 1331+305 18042+01015 12.3
AS 296 = FG Ser 2008 Nov 7 54777 1331+305 18042+01015 26.8
AS 296 = FG Ser 2008 Nov 11 54781 1331+305 18042+01015 28.2
Hen 3-1341 2008 Nov 16 54786 1331+305 17095-17288 41.0
RT Ser 2008 Dec 1 54801 1331+305 17330-13048 45.6
PU Vul 2008 Dec 30 54830 0137+331 20210+23185 38.2
K 3-9 2009 Jan 2 54833 0137+331 18323-10351 43.8
BF Cyg 2009 Jan 2 54833 0137+331 19242+33294 58.4
BF Cyg 2009 Jan 3 54834 0137+331 19242+33294 22.5
PU Vul 2009 Jan 3 54834 0137+331 20210+23185 39.7
V1413 Aql 2009 Jan 4 54835 1331+305 19042+15366 41.6
V1413 Aql 2009 Jan 5 54836 1331+305 19042+15366 39.5
K 3-9 2009 Jan 5 54836 1331+305 18323-10351 41.3
RT Ser 2009 Jan 8 54839 1331+305 17330-13048 43.9
AS 289 2009 Jan 9 54840 1331+305 18183-11088 36.9
AS 289 2009 Jan 10 54841 1331+305 18183-11088 38.2
Expanded Survey Targets
RT Ser 2014 Apr. 5 56752 1331+305 J1733-1304 29.2
AG Dra 2014 Apr 8 56758 1331+305 J1642+6856 27.3
AG Peg 2014 Apr 20 56767 0137+331 J2139+1423 28.6
CM Aql 2014 Apr 21 56768 0137+331 J1851+0035 28.1
Hen 2-442 2014 May 4 56781 0137+331 J1931+2243 27.1
BF Cyg 2014 May 23 56800 0137+331 J1931+2243 27.3
AX Per 2014 May 30 56807 0542+498 J0102+5824 27.6
BD Cam 2014 Jun 1 56809 0542+498 J0244+6228 26.0
HM Sge 2014 Jun 2 56810 0137+331 J1925+2106 27.6
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imfit task was used to determine flux density by fitting a gaussian to the source, as well as
the off-source RMS. Error in flux density was taken to be the error in the gaussian fit added
in quadrature with a 10% estimated systematic error. To determine the in-band spectral
index of our targets, we additionally imaged the upper and lower 4 GHz frequency range
for each source. To determine whether a source was resolved, we compared the maximum
peak flux to the integrated flux of the gaussian fit, taking a difference of greater than 5×the
gaussian error as resolved. The error for the peak flux density was taken as the gaussian
error.
6.3 Results
Of the eleven original survey sources, three were distinctly resolved above 5σ (K
3-9, PU Vul, and AS 296), with one additional source (Hen 3-1341) resolved to 3.5σ (See
Figure 6.1). These are the first resolved images of any of these symbiotics. On two of
these sources, K 3-9 and PU Vul, there is resolved structure visible. The nebula in K-9 is
extended to the northeast and south, with suggestions of sub-structure in the northern
flow. PU Vul had a central source with an apparent diameter of approximately∼ 0.5 arcsec,
but with signs of fainter structure in the surrounding area. To a lesser degree, we also saw
signs of extension in AS 296 and Hen 3-1341, though it is unclear whether the origin of the
faint emission is the nebula, jets, background fluctuations, or simply artifacts of imaging
(further careful analysis and processing is required). We had a non-detection of BF Cyg,
which indicates extreme radio variability in this source since it has been observed in radio
before with flux densities on the order of a few mJy. The remaining sources were detected
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Table 6.3 Results of all VLA observations. The error for the integrated flux density includes
a 10% systematic error, while error for the peak flux density does not include that factor.
The value at which we would consider the source to be resolved takes the difference
between the integrated and peak flux densities as a multiple of the the error of the peak
flux density.
Source Integrated Flux Peak Flux Resolved Spectral Index
(mJy) (mJy) to Nσ α
Original Survey
K 3-9 9.78 ± 0.99 7.38 ± 0.09 25.7 ...
PU Vul 13.10 ± 1.33 9.31 ± 0.15 24.6 ...
AS 296/FG Ser 1.94 ± 0.21 1.63 ± 0.05 6.3 ...
Hen 3-1341 1.10 ± 0.13 0.92 ± 0.05 3.57 ...
V471 Per 1.11 ± 0.12 1.01 ± 0.04 2.8 ...
AS 289 1.88 ± 0.20 1.98 ± 0.05 2.2 ...
AX Per 1.11 ± 0.15 1.23 ± 0.07 1.9 ...
EG And 1.00 ± 0.13 1.04 ± 0.06 0.7 ...
V1413 Aql 0.34 ± 0.08 0.34 ± 0.05 0.1 ...
RT Ser 1.24 ± 0.14 1.24 ± 0.05 0.0 ...
BF Cyg <0.17 (3×RMS) ... ... ...
Expanded Survey
HM Sge 30.78 ± 3.107 22.230 ±0.43 19.9 0.54 ±1.18
AG Peg 6.689 ± 0.673 5.921 ± 0.072 10.7 0.82 ± 1.18
BF Cyg 0.730 ± 0.077 0.461 ± 0.026 10.3 -0.60 ±1.29
Hen 2-442 3.76 ± 0.431 2.090 ±0.210 8.0 -1.76 ± 1.37
RT Ser 1.602 ± 0.161 1.502 ± 0.014 7.1 0.40 ± 1.17
CM Aql 0.398± 0.049 0.398 ±0.011 6.1 0.20 ± 1.27
AX Per 0.569 ± 0.584 0.500 ±0.013 5.3 -0.94 ± 3.30
BD Cam 0.236 ± 0.026 0.192 ±0.012 3.7 -0.11 ± 1.42
AG Dra 1.060± 0.108 1.053 ± 0.018 0.3 0.48 ±1.18
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but not resolved (see Figure 6.2).
In our extended survey, we were able to resolve seven sources to 5σ. BD Cam, with
a HIPPARCOS parallax of 6.27± 0.63 mas corresponding to a distance of 159± 16 pc, was
resolved at 3.7σ. Only one source, AG Dra, was completely unresolved. Observations
of AG Dra at 6 GHz in 1986 with the VLA showed extension out to 3 arcsecs (Torbett &
Campbell 1987); however, the bulk of this emission had faded by the time of the MERLIN
observations in 2000, with only fainter bipolar structure remaining near the central source
extending out ∼ 0.5 arcsec (see Figure 6.5) (Ogley et al. 2002; Mikołajewska 2002). The fact
that we do not resolve AG Dra in our survey indicates that this emission has now almost
all faded. HM Sge underwent a nova-like outburst in the 1970’s, and has also previously
been resolved by MERLIN (Richards et al. 1999). We were able to resolve three sources (BF
Cyg, AX Per, and RT Ser) that were unresolved or undetected in the original survey. AX
Per is considered one of the two prototypical symbiotic systems (the other being Z And,
a known jet producing system). Again, some further analysis and processing is required
to distinguish any distinct morphological components from background noise in most of
these images.
The in-band spectral index for these systems tended to be inconsistent with purely
optically thick thermal emission (with characteristic spectral index α = 2.0). While the
error bars for spectral index tended to be high (around ±1.3), most values fell between
-0.6 and 0.8, with two slightly lower. All sources are consistent with optically thin thermal
emission (α = 0.1) except for Hen 2-442, which had a low spectral index of -1.76 ± 1.37
and is only possibly symbiotic (Yudin 1983; Belczyński et al. 2000).
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BF Cyg was a non-detection with a radio flux density upper limit (to 3σ) of 170 µJy in
the original survey but was detected with a flux density of 730 µJy in our extended survey,
which means that it brightened by at least 560 µJy between our two observations. BF Cyg
is known to have recently undergone outburst in 2006 (Munari et al. 2006). Skopal et al.
(2013), via spectroscopic monitoring, found that BF Cyg had jet features start to emerge
in 2009 which became bipolar in 2012. As this jet developed after our first observation of
BF Cyg and prior to our second observation, it is not surprising that we saw an increase
in radio flux density. We suggest that the increase in radio flux density is because of this
2009-2012 jet event.
In our resolved image, we see signs that a jet may still present to the north of the
source, confirming the findings of Skopal et al. (2013) (see Figure 6.5). We saw an extension
from CH Cyg of size ∼ 7 × 1015 cm (see Chapter 4), so if we assume that BF Cyg has a
similar amount of extension at ∼ 3.8 kpc (Skopal 2005), we would expect to see extension
out to ∼ 0.12 arcsec. It is therefore possible that the tentative signs of extension that we
see in our resolved image may in fact be from the jet. Similarly, we can scale the radio
flux density we observe for BF Cyg to the distance of CH Cyg (0.245 kpc, Perryman et al.




the brightness implies that BF Cyg would have a flux density of 175 mJy if it were at a
distance of 0.245 pc, which is far brighter than CH Cyg even at the peak of its radio
flare (11.92 mJy, see Chapter 4). CH Cyg is a predominantly accretion driven source (see
Chapter 5), whereas BF Cyg has shell-burning (Mikolajewska et al. 1989): this difference
in power source suggests a likely reason for the radio flux density disparity between the
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two jet producing systems.
6.4 Future Work
With the data available, it should be possible to spatially disentangle multiple mor-
phological components in these systems. As our survey results are currently only very
preliminary, we plan to more carefully examine the data; however, these results are some-
what inconclusive for now. Even so, that we resolved seven out of the nine sources in
the extended survey to 5σ, as opposed compared with three out of eleven in the original
survey, shows the improvement in these observations over what has been seen in the past.
It suggests that a deeper imaging survey of symbiotics would be a promising direction
in examining variabilities in nebula morphologies, uncovering any equatorial density en-
hancements, and determining the prevalence and properties of collimated bipolar jets. It
may be possible to determine the fraction of radio-bright symbiotics that produce jets,
and to look for common characteristics among jet and extension producing systems.
6.5 Conclusions
• In our original survey, we obtained the first resolved images of four symbiotic
systems (K-3-9, PU Vul, AS 296, and Hen 3-1341).
• In our extended survey, 8 out of 9 sources were resolved to at least 3-σ. Only one
source, AG Dra, was not resolved, and it is a system which has previously shown
extended radio emission.
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• The symbiotic BF Cyg has been shown to be highly variable. In the original survey
it was undetected with an upper limit of <170 µJy; however, our extended survey
detected the source at ∼ 730 µJy in May of 2014 and saw signs of extended emission
in the resolved radio image. This result is consistent with the spectroscopic evidence
of the production of a jet between 2009 and 2012 by Skopal et al. (2013). Given the
distance to BF Cyg, the increase in radio flux density after the jet event is far brighter
than what was seen following the ejection of a jet in CH Cyg. As BF Cyg is a shell
burning (rather than a predominately accretion driven) system, this radio brightness
lends further support to the presence of a fainter, purely-accretion driven system.
• Radio imaging with modern radio facilities has proven to be an extremely promising
avenue of research for future studies of symbiotic systems. We are now able to image
such sources in far greater detail than ever before, giving us the possibility of creating
a truly extensive survey of symbiotic nebulae.
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Figure 6.1 Resolved images of K3-9, PU Vul, AS 296 and Hen 3-1341 from the original













2, 128]. These are the first resolved
images of any of these symbiotics.
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Figure 6.2 Unresolved sources from original survey: V471 Per, AS 289, AX Per, EG And,
V1413 Aql, RT Ser. Not shown is BF Cyg, which was undetected in this survey. Contours














Figure 6.3 Selected resolved sources from the extended survey: BF Cyg, CM Aql, AX Per,
and BD Cam. Contours are RMS ×[-4, -2
√



















7.1 Overview of Results
Throughout this work, we have shown a number of ways that we can use can
use radio observations to study the ejecta of accreting WD binaries and to improve our
understanding of these systems. As our observational capabilities have improved, there
have been more and more examples of deviations from the popular models in both novae
and symbiotic stars (including the cases where they overlap). As such, we have examined
a variety of specific cases in depth to test the assumptions behind these radio models.
7.1.1 Shaping and Non-Thermal Emission from Colliding Flows in the
Ejecta of Novae
As discussed in Chapter 1, the radio emission from the ejecta of novae has typically
been modeled as if from a smooth, spherically symmetric expanding thermal shell. While
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this picture has been relatively effective in the past, the importance of shocks in nova
explosions has been highlighted by Fermi’s discovery of γ-ray producing novae, as in the
case of our work on V959 Mon (Chomiuk et al. 2014). However, we find that even in
non-γ-ray producing systems, improvements in observations at radio wavelengths mean
that asymmetries and complex flow structures can no longer be ignored. These deviations
from a simple spherical nova model are examined in Chapters 2 and 3.
In chapter 2, we show the importance of shocks in a typical classical nova, V1723 Aql1.
Over three years of multi-band VLA radio observations of the 2010 nova V1723 Aql
show that shocks between fast and slow flows within the ejecta led to the acceleration of
particles and the production of synchrotron radiation. Soon after the start of the eruption,
shocks in the ejecta produced an unexpected radio flare, resulting in a multi-peaked
radio light curve. The emission eventually became consistent with an expanding thermal
remnant with mass 2 × 10−4M and temperature 104 K. However, during the first two
months, the &106 K brightness temperature at low frequencies was too high to be due
to thermal emission from the small amount of X-ray producing shock-heated gas. Radio
imaging showed structures with velocities of 400 km s−1 (d/6 kpc) in the plane of the sky,
perpendicular to a more elongated 1500 km s−1 (d/6 kpc) flow. The morpho-kinematic
structure of the ejecta from V1723 Aql appears similar to nova V959 Mon, where collisions
between a slow torus and a faster flow collimated the fast flow and gave rise to γ-ray
producing shocks. Optical spectroscopy and X-ray observations of V1723 Aql during the
radio flare are consistent with this picture. Our observations support the idea that shocks
1This paragraph, discussing our findings from Chapters 2, has been reproduced in part from the abstract
of a paper published by MNRAS, and can be found athttp://mnras.oxfordjournals.org/content/457/
1/887.full.
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in novae occur when a fast flow collides with a slow collimating torus. Such shocks could
be responsible for hard X-ray emission, γ-ray production, and double-peaked radio light
curves from some classical novae.
In chapter 3, we show that the 2012 nova V5589 Sgr also demonstrated the charac-
teristics of shock-powered emission2. Six months of radio observations of the 2012 nova
V5589 Sgr with the VLA and 15 weeks of X-ray observations with Swift/XRT show that the
radio emission consisted of: 1) a shock-powered, non-thermal flare; and 2) weak thermal
emission from 10−5 M of freely expanding, photoionized ejecta. Absorption features in
the optical spectrum and the peak optical brightness suggest that V5589 Sgr lies 4 kpc
away (3.2-4.6 kpc). The shock-powered flare dominated the radio light curve at low
frequencies before day 100. The spectral evolution of the radio flare, its high radio bright-
ness temperature, the presence of unusually hard (kTx > 33 keV) X-rays, and the ratio
of radio to X-ray flux near radio maximum all support the conclusions that the flare was
shock-powered and non-thermal. Unlike other novae with strong shock-powered radio
emission, V5589 Sgr is not embedded in the wind of a red-giant companion. Based on
the similar inclinations and optical line profiles of V5589 Sgr and V959 Mon, we propose
that shocks in V5589 Sgr formed from collisions between a slow flow with an equatorial
density enhancement and a subsequent faster flow. We speculate that the relatively high
speed and low mass of the ejecta led to the unusual radio emission from V5589 Sgr, and
perhaps also to the non-detection of γ-rays.
Because few novae have such comprehensive radio coverage, early-time shocks like
2This paragraph, discussing our findings from Chapters 3, has been reproduced in part from the abstract
of paper published by MNRAS, and can be found at http://mnras.oxfordjournals.org/content/460/
3/2687.full.
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those seen in V959 Mon, V1723 Aql, and V5589 Sgr would likely have gone un-detected
in many historical classical nova. Nothing in the optical light curve of V1723 Aql marks it
as anything other than a typical fast nova system, and the late-time light curve is roughly
consistent with a spherical, thermal, Hubble-flow type model. For many historical novae,
the time and frequency of radio coverage would have been insufficient to catch any bump
during early times like that seen in V1723 Aql and V5589 Sgr. Therefore, such shock-
producing flows may be may be far more common in novae than previously thought –
they may even be present to some degree in most novae. In order to determine how
common such outflows may be, it would be valuable to continue to search for signs of
such structures, as well as monitor any newly detected nova carefully for signs of an early
radio flare.
Both the structure of the ejecta in V1723 Aql and the evolution of the spectra in
V5589 show similarities to the γ-ray producing nova V959 Mon, suggesting a similar
origin for these shocks: the presence shocks at the interface of multiple outflows from
the WD (Chomiuk et al. 2014; Weston et al. 2014, 2016a,b). The fast bipolar outflows
shaped by the equatorial torus seen in nova V959 Mon and suggested in the cases of
V1723 Aql and V5589 Sgr emphasize the importance of collimating structures in outflows
from eruptive WD with nearby companions. As both V1723 Aql and V5589 Sgr are much
more distant systems than V959 Mon, it is entirely likely that — given the prevalence
of γ-rays in nearby classical novae (Ackermann et al. 2014) — γ-rays could have been
produced in these systems as well, and they were simply too far away to be detected.
Now that we know that γ-rays are produced by a significant fraction of nova systems, a
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careful catalogue of Fermi’s detections and non-detections of γ-rays from new nova and
the estimated distance to each system could prove valuable in refining the frequency of
such shock events and disentangling the role of selection effects.
7.1.2 Accretion and Spatially Resolvable Structures in Symbiotic Bina-
ries
As is the case with novae, the questions of how common bipolar outflows are in
symbiotics and how they are shaped are still open. Furthermore, the details of classical
symbiotic star eruptions are continually related to the presence of absence of quasi-steady
state shell burning on the surface of the WD in quiescence. While some symbiotics erupt
with the TNR that characterize novae, as in the case of RS Oph (Sokoloski et al. 2008;
O’Brien et al. 2006) and γ-ray producing V407 Cyg (Abdo et al. 2010; Chomiuk et al. 2012),
the majority of eruptions from symbiotics are not the result of a full TNR, and are instead
accretion driven, powered by quasi-steady nuclear burning on the surface of the WD (shell
burning), or a combination of both (Sokoloski et al. 2006). We discuss our findings that
relate to these questions in Chapters 4, 5, and 6.
In Chapter 4, we show that the symbiotic CH Cyg, which has has produced multiple
spatially resolvable jets that have been seen in the radio, X-ray, and optical regimes,
produced a radio jet as a byproduct of a change in the state of its accretion disk. At times,
jet production in CH Cyg has been associated with declines in the optical brightness
and changes in the state of the accretion disk. After a major optical decline in late 2006,
we carried out a series of VLA multi-band observations for over a year. We obtained
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multiple images of a developing jet with a large SW component, and tracked the changes
in flux density and spectral index. The flux density rose over the course of five months
between March and July of 2007, after which there was a steady decline lasting at least
until October 2008. While the spectral index remained fairly constant during this period,
the jet spectrum rose with frequency and flattened at higher frequencies, suggesting an
optically thin plasma. We showed that the rise in flux density indicates a connection
between the jet event and the optical decline, possibly indicating a connection with an
event in the accretion disk. We estimated that the ejection of the jet continued for about
a year, ejecting material with total mass on the order of 10−7 M during that time, a
higher amount than one might expect from standard accretion theory. This result may
indicate that part of the accretion disk was ejected during this eruption, or, alternatively,
that the assumption of roughly constant density of the ejecta was not valid. Finally, we
used images of the evolving jet to estimate the procession period of the jet in CH Cyg,
P = 12013 ± 74 days, which is more than twice the the orbital period of the system and
far longer than previously estimated. Unlike some of the other famously jet-producing
symbiotics AG Dra and Z And, CH Cyg is a system driven by accretion. Neither Z And
nor AG Dra have jet production that is so clearly linked to changes in the accretion disk.
Our work on CH Cyg strengthens the link between bipolar outflows from accreting WDs
and other types of accreting compact objects.
It is unclear if bipolar outflows from symbiotics are generally anchored in an accretion
disk in the same way that jets are anchored in the disks in X-ray binaries and quasars.
In fact, while CH Cyg shows evidence for jet production linked to the accretion disk and
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has emission which is thought to be accretion driven, accretion disks are not a universal
feature in symbiotic systems. It is unknown what fraction of symbiotics are dominated
by emission from accretion, as opposed to shell burning, and it is difficult to get direct
evidence for the presence of an accretion disk in symbiotic systems.
Revealing how radio observations can uncover the source of power in symbiotic
stars, in Chapter 5, we described our survey of accretion powered symbiotics with no
prior radio detections. This survey was designed to determine whether we could use
radio brightness to distinguish between shell-burning and accretion driven systems. This
is the first survey that we are aware of that uses radio observations to attempt to distinguish
between such systems. The two predominant models for radio emission from symbiotics,
the photoionization (STB) model and the colliding wind model, have different predictions
both for the radio brightness and spectral indices of accretion driven systems – the STB
model predicts that accretion driven sources would show only faint radio emission with
steep spectrums, whereas bright radio emission with flatter spectrums could indicate the
presence of shocks and collisions.
Of these systems, we detected seven for the first time, and placed stronger upper
limits on the last four. Roughly half of the systems were somewhat radio faint – either on
the order of 10 uJy or undetected – and two of the brighter sources had spectral indices
which could be consistent with the prediction of the STB model. However, several sources
were inconsistent with these predictions – ZZ CMi and WRAY 15-1470 in particular were
both brighter and had flatter spectral indices than predicted by the STB model, especially
given their apparent distances. However, one potential explanation for this finding is
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that, of the sources observed, WRAY 15-1470 had the weakest evidence for being accretion
powered; also, ZZ CMi is one of the sources that is not definitively confirmed as a symbiotic
system (Belczyński et al. 2000). We were unable to find any correlation between the V
and K magnitudes (as a distance proxy) and the radio flux densities of our targets. We
also find no link between the donor star type and the radio brightness in accretion driven
systems, which expected for an STB model.
This survey supplies evidence that there may be a radio faint population of accretion
powered symbiotics, as predicted by the STB model. However, while faint radio emission
may indicate an accretion driven system, not all accretion driven systems are radio faint.
Accretion powered symbiotics with shocks, collisions, and jets may be brighter than those
accretion driven symbiotics without, which could make such systems over-represented
in any radio survey. However, as the known jet-producing symbiotic MWC 560 was a
non-detection in this survey, the fact that a source is not radio bright cannot definitively
prove that the system is not active or jet-producing in general. When we scaled our results
from Chapter 4 from jet producing, accretion powered CH Cyg to MWC 560 to compare
these two similar systems, we found that MWC 560 was fainter than we expected, through
we are nearing the edges of our detection limits given the distances involved. Regardless,
any survey that distinguishes between accretion and shell burning symbiotic systems
needs to be careful not to rely on radio brightness alone, though a symbiotic system that
is unusually radio faint may in fact be more likely to be accretion driven than one that is
radio bright.
The colliding wind model and the STB model also predict different shaping for the
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resulting nebulae – since the STB model is a steady state model, it does not explain some
of the outburst, jets, and aspherical nebulae that have been seen in symbiotic systems.
More than 5% of the more than 200 known symbiotics have shown evidence for either
collimated bi-polar outflows (jets) or other bipolar extended structure. However, most
have not been observed or imaged with the resolution necessary to detect a transient jet
(Belczyński et al. 2000). Therefore it is likely that the actual fraction of symbiotic systems
which produce collimated outflows is significantly higher. Observations of symbiotics
in radio offer an opportunity to better categorize what factors are most important in
the shaping of symbiotic nebulae and the production of jets from WD systems and the
mechanisms that drive these events.
To get a better sense of the the fraction of symbiotics that form elongated structure
or radio jets, in Chapter 6 we performed a small survey of radio-bright systems with
the VLA. We observed eleven radio bright symbiotic systems without any prior high
resolution imaging in the VLA A-array (Belczyński et al. 2000) prior to the instrument’s
recent upgrades. We later expanded this survey after the VLA was upgraded, observing
nine radio bright symbiotic systems, also in the A-array, for comparison. With the original,
pre-upgrade survey, we resolved four out of nine systems for the first time, to at least 3σ.
Two of these systems had resolved extended structure, and the other two had marginal
signs of protuberances. In all four cases, these were the first resolved observations of
the sources in question. Of the nine systems observed after the VLA’s upgrades, eight
were resolvable to greater than 3σ. The source we did not resolve, AG Dra, had prior
observations of extended emission, suggesting that these structures had become optically
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thin by the time of our observation.
The symbiotic BF Cyg, which was undetected in the first survey with an upper limit of
0.170 mJy, was detected at 0.730 mJy in the extended survey a few years later, showing it is
a highly variable source. This increase in radio brightness could be due to the development
of a jet between 2009 and 2012, as detected by Skopal et al. (2013); the signs of extension
that we see in our resolved image of this source in the extended survey are potentially
related to that jet. Given BF Cyg’s distance, the increase in radio brightness after a jet event
was far greater than that after jet production in CH Cyg. This disparity may be related to
the fact that BF Cyg is a shell-burning system, whereas CH Cyg is accretion powered. The
contrast in radio brightness between the shell-burning, jet producing source BF Cyg and
the accretion driven, jet-producing system CH Cyg soon after the production of their jets
lends further support to the proposal of a fainter population of accretion driven systems.
That eight out of nine of the extended survey sources were resolved, and the ninth
has been resolved in the past, means that at one time or another all of these sources
in the extended survey are resolvable by modern radio telescopes. Even with just the
pre-upgrade VLA, we were able to resolve four new symbiotic systems; two of which
had extended structure and the other two had tentative suggestions of substructure. Our
findings show that the extended emission and structure from these systems are now
accessible beyond what was formerly possible, and indicates that radio imaging is now
a far more powerful tool for understanding these binaries The variability of BF Cyg
also emphasizes the importance of observing symbiotics somewhat regularly to detected
changes in their brightness and their structure. Time-coverage of transients is not only
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important for understanding how their ejecta evolve, but is increasingly becoming more
practical as our instruments improve. These observations have laid the groundwork for
a more comprehensive survey.
7.2 Greater Context and Future Work
We cannot discount shocks in the development of either nova shells or symbiotic
nebulae when we consider their radio evolution. While the classic models that have
been used for modeling these systems work fairly well for general behavior in larger
populations of these objects, on a case by case basis it becomes critical to include shocks
between multiple outflows. The thermal Hubble flow model still is useful for late time
behavior of novae, but fails to predict the early time shocks which seem to arise on a
not-infrequent basis. And while the STB model may describe the general behavior of
symbiotics — and indeed, we find support for the STB model in our results — there are
still numerous examples of systems which produce jets, are overly radio bright show, or
show behavior inconsistent with this steady state model.
Investigating deviations from what is expected from the simple radio models can tell
us about the underlying physics. By continuing to search for signs of synchrotron and non-
thermal emission in the radio and monitoring nova shells which may be shaped by shocks,
it may be possible to determine shaping mechanisms in novae. Additionally, there are
only limited data on novae in the millimeter/sub-millimeter range. Previous observations
suggest that, early in a nova’s outburst, emission at these frequencies is inconsistent with
the “classical” models of radio emission (Ivison et al. 1993). Observations of novae with
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ALMA could open up new avenues of research. My work on classical nova V1723 Aql
(Chapter 2) and that of Finzell et al. (2015) on γ-ray producing V1324 Sco have shown
that, in both cases, dust production and the formation of strong shocks seemed to happen
quasi-simultaneously (Nagashima et al. 2013; Weston et al. 2016a; Finzell et al. 2015). This
coincident timing may suggest that dust is formed in the cool, dense post-shock region that
is generated by internal shocks which was found by Metzger et al. (2014). Establishing a
strong baseline for how novae evolve in the millimeter/sub-millimeter range and obtaining
high-resolution mm images with ALMA could therefore help to answer the long-standing
question of how dust forms in novae.
In symbiotics, the STB model of radio emission from symbiotics predicts that radio-
emitting symbiotic nebulae are approximately spherically symmetric, with centrally peaked
brightness profiles that fall off as expected for a constant wind. A high resolution spectral
index map of the surrounding nebula and a search for signs of faint structures or aspheric-
ities which are not expected in this model could be extremely informative. Observing the
spectra of nebulae with high resolution imaging would provide measures of the radio
spectral index and the turnover frequency of the emission, which will further help us to
constrain the associated emission mechanisms and perhaps lead to insight on the origin of
shaping of the nebula and distinguish between STB theory and the colliding wind theory.
We have shown that such a research program is now technically feasible with the VLA
and eMERLIN. Symbiotics can therefore provide a diverse sample of systems that can
lead to a better understanding of the formation of collimated jets and the shaping of ejecta
nebulae. In the last few years, there has been a gap in coverage of symbiotics at radio
188
frequencies, due to the fact that the brightest targets had been fully explored. However,
with the recently improved sensitivities of eMERLIN and the VLA and the the new op-
portunities provided with ALMA, we have a new opportunity to develop a significantly
larger sample, and to image systems that were previously too faint to be mapped in detail.
Radio monitoring offers an opportunity to better categorize what factors are most
important in the shaping of symbiotic nebulae, the ejecta from novae, and the production
of jets from WD systems. Novae and symbiotics systems are both potential progenitors
for type Ia supernova (Starrfield et al. 2004; della Valle & Livio 1996; Kato & Hachisu 2012;
Dilday et al. 2012), meaning any possible advancement in our knowledge of these systems
could additionally lay the grounds for a better understanding of the critically important
SN1a. Continued observations with eMERLIN and the VLA monitoring changes in ra-
dio emission in both symbiotics and novae could help in searching for signs of shocks
and other shaping mechanisms. Incorporating observations with ALMA would extend
observations to the southern hemisphere and provide the high resolution and sensitivity
of the expanded array at millimeter wavelengths. Using both novae and symbiotics to
study shock formation and to constrain shaping mechanisms in WD binaries provides a
large and diverse sample of objects to work with that span a large range of parameter
space for WD explosions, and could give great insight into the behavior of accretion disks,
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C. S. 1997, A&A, 323, L49
Podsiadlowski, P. & Mohamed, S. 2007, Baltic Astronomy, 16, 26
Ressler, S. M., Katsuda, S., Reynolds, S. P., Long, K. S., Petre, R., Williams, B. J., & Winkler,
P. F. 2014, ApJ, 790, 85
Ribeiro, V. A. R. M., Chomiuk, L., Munari, U., Steffen, W., Koning, N., O’Brien, T. J., Simon,
T., Woudt, P. A., & Bode, M. F. 2014, ApJ, 792, 57
Ribeiro, V. A. R. M., Munari, U., & Valisa, P. 2013, ApJ, 768, 49
Richards, A. M. S., Bode, M. F., Eyres, S. P. S., Kenny, H. T., Davis, R. J., & Watson, S. K.
1999, MNRAS, 305, 380
Roy, N., Kantharia, N. G., Eyres, S. P. S., Anupama, G. C., Bode, M. F., Prabhu, T. P., &
O’Brien, T. J. 2012, MNRAS, 427, L55
Rupen, M. P., Mioduszewski, A. J., & Sokoloski, J. L. 2008, ApJ, 688, 559
Rybicki, G. B. & Lightman, A. P. 1979, Radiative processes in astrophysics (Wiley-
Interscience, New York)
201
Saizar, P. & Ferland, G. J. 1994, ApJ, 425, 755
Samus, N. N., Kazarovets, E. V., Kireeva, N. N., Pastukhova, E. N., & Durlevich, O. V.
2010, Odessa Astronomical Publications, 23, 102
Santander-Garcı́a, M. & Corradi, R. L. M. 2007, Baltic Astronomy, 16, 65
Schaefer, B. E. 2010, ApJS, 187, 275
Schaefer, G. H., Brummelaar, T. T., Gies, D. R., Farrington, C. D., Kloppenborg, B., Ches-
neau, O., 2014, Nature, 515, 234
Schmid, H. M., Kaufer, A., Camenzind, M., Rivinius, T., Stahl, O., Szeifert, T., Tubbesing,
S., & Wolf, B. 2001, A&A, 377, 206
Schwarz, G. J. 2002, ApJ, 577, 940
Seaquist, E. R. The Radio Properties of Symbiotic Stars, ed. J. Mikolajewska, M. Friedjung,
S. J. Kenyon, & R. Viotti, 69
Seaquist, E. R., Duric, N., Israel, F. P., Spoelstra, T. A. T., Ulich, B. L., & Gregory, P. C. 1980,
AJ, 85, 283
Seaquist, E. R. & Gregory, P. C. 1973, Nature Physical Science, 245, 85
Seaquist, E. R., Krogulec, M., & Taylor, A. R. 1993, ApJ, 410, 260
Seaquist, E. R. & Palimaka, J. 1977, ApJ, 217, 781
Seaquist, E. R. & Taylor, A. R. 1990, ApJ, 349, 313
Seaquist, E. R., Taylor, A. R., & Button, S. 1984, ApJ, 284, 202
Shafter, A. W. 1997, ApJ, 487, 226
Shara, M. M. 2014, in Astronomical Society of the Pacific Conference Series, Vol. 490,
Stellar Novae: Past and Future Decades, ed. P. A. Woudt & V. A. R. M. Ribeiro, 3
Shara, M. M., Zurek, D., De Marco, O., Mizusawa, T., Williams, R., & Livio, M. 2012, AJ,
143, 143
Shara, M. M., Zurek, D. R., Williams, R. E., Prialnik, D., Gilmozzi, R., & Moffat, A. F. J.
1997, AJ, 114, 258
202
Shenavrin, V. I., Taranova, O. G., & Nadzhip, A. E. 2011, Astronomy Reports, 55, 31
Shepherd, M. C. 1997, in Astronomical Society of the Pacific Conference Series, Vol. 125,
Astronomical Data Analysis Software and Systems VI, ed. G. Hunt & H. Payne, 77
Shore, S. N., Schwarz, G. J., De Gennaro Aquino, I., Augusteijn, T., Walter, F. M., Starrfield,
S., & Sion, E. M. 2013, A&A, 549, A140
Skopal, A. 2005, A&A, 440, 995
Skopal, A., Bode, M. F., Lloyd, H. M., & Tamura, S. 1996, A&A, 308, L9
Skopal, A., Tomov, N. A., & Tomova, M. T. 2013, A&A, 551, L10
Skopal, A., Vavnko, M., Pribulla, T., Chochol, D., Semkov, E., Wolf, M., & Jones, A. 2007,
Astronomische Nachrichten, 328, 909
Slavin, A. J., O’Brien, T. J., & Dunlop, J. S. 1995, MNRAS, 276, 353
Smith, V. V., Cunha, K., Jorissen, A., & Boffin, H. M. J. 1997, A&A, 324, 97
Sokoloski, J. L. 2003, in Astronomical Society of the Pacific Conference Series, Vol. 303,
Symbiotic Stars Probing Stellar Evolution, ed. R. L. M. Corradi, J. Mikolajewska, & T. J.
Mahoney, 202
Sokoloski, J. L., Bildsten, L., & Ho, W. C. G. 2001, MNRAS, 326, 553
Sokoloski, J. L., Crotts, A. P. S., Lawrence, S., & Uthas, H. 2013, ApJL, 770, L33
Sokoloski, J. L. & Kenyon, S. J. 2003, ApJ, 584, 1021
Sokoloski, J. L., Luna, G. J. M., Mukai, K., & Kenyon, S. J. 2006, Nature, 442, 276
Sokoloski, J. L., Rupen, M. P., & Mioduszewski, A. J. 2008, ApJ, 685, L137
Sokolovsky, K., Korotkiy, S., Elenin, L., & Molotov, I. 2012, The Astronomer’s Telegram,
4061, 1
Starrfield, S., Timmes, F. X., Hix, W. R., Sion, E. M., Sparks, W. M., & Dwyer, S. J. 2004, The
Astrophysical Journal Letters, 612, L53
Starrfield, S., Truran, J. W., Wiescher, M. C., & Sparks, W. M. 1998, MNRAS, 296, 502
203
Staveley-Smith, L., Briggs, D. S., Rowe, A. C. H., Manchester, R. N., Reynolds, J. E.,
Tzioumis, A. K., & Kesteven, M. J. 1993, Nature, 366, 136
Stephenson, C. B. 1984, Publications of the Warner & Swasey Observatory, 3, 1
Stoyanov, K. & Zamanov, R. 2014, arXiv:1408.6050
Stoyanov, K. A. 2012, Bulgarian Astronomical Journal, 18, 63
Stute, M., Luna, G. J. M., Pillitteri, I. F., & Sokoloski, J. L. 2013, A&A, 554, A56
Stute, M., Luna, G. J. M., & Sokoloski, J. L. 2011, ApJ, 731, 12
Stute, M. & Sahai, R. 2007, ApJ, 665, 698
Sytov, A. Y., Kaigorodov, P. V., Bisikalo, D. V., Kuznetsov, O. A., & Boyarchuk, A. A. 2007,
Astronomy Reports, 51, 836
Taranova, O. G. 1986, Astronomicheskij Tsirkulyar, 1473, 7
Taranova, O. G. & Iudin, B. F. 1983, Pisma v Astronomicheskii Zhurnal, 9, 36
Taranova, O. G. & Shenavrin, V. I. 1999, Astronomy Letters, 25, 750
Taranova, O. G. & Yudin, B. F. 1983, Soviet Astronomy Letters, 9, 19
Taylor, A. R., Davis, R. J., Porcas, R. W., & Bode, M. F. 1989, MNRAS, 237, 81
Taylor, A. R., Hjellming, R. M., Seaquist, E. R., & Gehrz, R. D. 1988, Nature, 335, 235
Taylor, A. R., Pottasch, S. R., Seaquist, E. R., & Hollis, J. M. 1987, A&A, 183, 38
Taylor, A. R., Seaquist, E. R., & Mattei, J. A. 1986, Nature, 319, 38
Thompson, W. 2012, STEREO HI1-B observations of Nova Sagittarii 2012, http://stereo.
gsfc.nasa.gov/˜thompson/nova_sagittarii_2012, online; accessed 23-July-2015
Tomov, T., Kolev, D., Zamanov, R., Georgiev, L., & Antov, A. 1990, Nature, 346, 637
Tomov, T., Zamanov, R., Kolev, D., Georgiev, L., Antov, A., Mikolajewski, M., & Esipov,
V. 1992, MNRAS, 258, 23
Torbett, M. V. & Campbell, B. 1987, ApJL, 318, L29
204
Townsley, D. M. & Bildsten, L. 2004, ApJ, 600, 390
Van Eck, S. & Jorissen, A. 2000, A&A, 360, 196
Van Eck, S., Jorissen, A., Udry, S., Mayor, M., Burki, G., Burnet, M., & Catchpole, R. 2000,
A&AS, 145, 51
Walder, R., Folini, D., & Shore, S. N. 2008, A&A, 484, L9
Walter, F. M., Battisti, A., Towers, S. E., Bond, H. E., & Stringfellow, G. S. 2012, PASP, 124,
1057
Weiler, K. W., Panagia, N., Montes, M. J., & Sramek, R. A. 2002, ARA&A, 40, 387
Weston, J. H. S., Sokoloski, J. L., Chomiuk, L., Linford, J. D., Nelson, T., Mukai, K., Finzell,
T., Mioduszewski, A., Rupen, M. P., & Walter, F. M. 2016b, Monthly Notices of the Royal
Astronomical Society, 460, 2687
Weston, J. H. S., Sokoloski, J. L., Metzger, B. D., Zheng, Y., Chomiuk, L., Krauss, M. I.,
Linford, J. D., Nelson, T., Mioduszewski, A. J., Rupen, M. P., Finzell, T., & Mukai, K.
2016a, MNRAS, 457, 887
Weston, J. H. S., Sokoloski, J. L., Zheng, Y., Chomiuk, L., Mioduszewski, A., Mukai, K.,
Rupen, M. P., Krauss, M. I., Roy, N., & Nelson, T. 2014, in Astronomical Society of the
Pacific Conference Series, Vol. 490, Stella Novae: Past and Future Decades, ed. P. A.
Woudt & V. A. R. M. Ribeiro, 339
Wiecek, M., Mikolajewski, M., Tomov, T., Cikala, M., Galan, C., Majcher, A., Swierczynski,
E., Wychudzki, P., Rozanski, P., Frackowiak, S., Janowski, J. L., & Graczyk, D. 2010,
ArXiv:1003.0608
Williams, B. J., Borkowski, K. J., Reynolds, S. P., Ghavamian, P., Raymond, J. C., Long,
K. S., Blair, W. P., Sankrit, R., Winkler, P. F., & Hendrick, S. P. 2014, ApJ, 790, 139
Williams, R. 2012, AJ, 144, 98
Willson, L. A., Wallerstein, G., Brugel, E. W., & Stencel, R. E. 1984, A&A, 133, 154
Wilms, J., Allen, A., & McCray, R. 2000, ApJ, 542, 914
Wright, A. E. & Barlow, M. J. 1975, MNRAS, 170, 41
205
Yamanaka, M., Itoh, R., & Komatsu, T. 2010, IAU Circ, 9167, 3
Yudin, B. F. 1983, Astronomicheskij Tsirkulyar, 1250, 7
Zamanov, R., Bode, M. F., Stanishev, V., & Martı́, J. 2004, MNRAS, 350, 1477
206
